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1. Introduction 
 
1.1 Fossil fired power plants 
1.1.1 Electricity generation sources  
  Electricity is the most common energy we consume and depend on in our everyday 
lives. It lights houses, buildings, streets, provides domestic and industrial heat, and 
powers most equipment used at homes, in offices and factories. Electricity has greatly 
contributed to our comfort and society’s development.  
  Electricity is generated in different types of power plants. These power plants use 
fossil fuels, nuclear power, wind, water or geothermal energy as the sources of 
electricity. Fossil fuels, including coal, oil and natural gas, have several advantages. 
Their reservoirs are pretty easy to locate, and coal is found in abundance [1]. 
Transportation of fossil fuels is not difficult. Fossil fuels are also easy to extract and 
process, hence their cost is low. Therefore, fossil fuels have been the most widely used 
source of electrical energy in the world. It is reported that about 43% of global 
electricity is generated by burning coal as shown in Figure 1 [2]. Much more electricity 
is generated by burning coal in the countries where coal is abundantly available like 
China, US and India. However, a major problem of using fossil fuels to generate 
electricity is that burning them gives out a lot of CO2 that pollutes the environment and 
contributes to global warming. Figure 2 shows the source of CO2 emission in Japan [3]. 
33% of CO2 emission is from power plants. Furthermore, 59% of CO2 emission is from 
fossil fired power plants as shown in Figure 3 [3].  
  Nuclear energy, which is one of major source for electricity generation, is obtained 
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through nuclear fission. This process involves the splitting of nuclei of certain elements 
which results in the release of a large amount of energy. Due to such an immense 
potential, nuclear energy is considered as a solution for the increasing energy demand in 
the world in future. Constructions of nuclear power generation have been rapidly 
increasing in recent years. However, one major problem of using nuclear energy as an 
electric power source is managing nuclear waste. These are radioactive products whose 
radiations have harmful effects on the living things. Furthermore, despite of the fact that 
the fission reactions can be very well controlled in nuclear power plants, in case of 
operation mistake or unexpected nature disaster, a very serious nuclear accident would 
happen. Fukushima Daiichi accident arising from the 2011 Higashi-nihon earthquake 
and tsunami resulted in external release of radioactive materials. Radioactive pollution 
was observed in the sea, at a relatively large distance from the Fukushima Daiichi 
nuclear power plants. This accident seems to slow down the expansion of nuclear 
energy. It is expected that fossil fired power plants will continue to provide most of 
global electricity in near future.  
 
1.1.2 Improvement in thermal efficiency of fossil fire power plants 
  The world is facing the critical challenge of providing abundant, cheap electricity to 
meet the needs of a growing global population while at the same time preserving 
environmental values. Fossil fired power plants have sought lower fuel costs and CO2 
emissions through improvement in thermal efficiency. 
  Thermal efficiency of fossil fired power plants is improved by increasing steam 
pressure and temperature. Figure 4 shows how steam pressure and temperature have 
been increased during the past decades in Japan [4]. Steam pressure and temperature 
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rose sharply after 1950. Meanwhile, fossil fired power plants overtook hydroelectric 
power plants to become the leading power generation by 1960, although they still used 
domestic coal as the primary fuel. However, thermal efficiency of the plants was only 
about 30%. Petroleum was imported into Japan in large quantities from around 1965. 
Since cost of those petroleum was lower than that of domestic coal, fossil fired power 
plants were converted to burn imported petroleum instead of domestic coal. These 
power plants were then converted to burning imported coal because of the oil crises in 
1970s. From around 1975, frequent starts and stops of fossil fired power plants had been 
increasingly required for load adjustments, accompanied by the expansion of nuclear 
power plants and changes in patterns of electricity demand. Steam conditions had been 
fixed at combinations of 24MPa and 538°C or 19MPa and 566°C. The first 
ultra-supercritical sliding pressure plant (31MPa, 566°C) appeared in 1989. Conditions 
for subsequent new plants have been successively raised beyond conventional 
limitations, and current temperatures are 593 or 600°C at pressures of 24MPa, while the 
use of 650°C is being studied for the next stage of advance. Figure 5 shows the 
relationship between steam conditions and thermal efficiency [5]. It is clear from the 
figure that increasing the steam pressure and temperature results in raising thermal 
efficiency, consequent reduction in CO2 emission. 
 
1.2 High Cr ferritic steels 
1.2.1 Alloy design concept on high Cr ferritic steels 
  As mentioned above, the thermal efficiency of fossil fire power plants and 
consequent reduction in CO2 emission can be achieved by increasing the steam pressure 
and temperature, which is greatly influenced by the materials used for construction of 
10 
 
boilers, tubes and pipes in fossil fired power plants. Nowadays, high Cr ferritic steels 
have been widely used for those components.  
  The development of high Cr ferritic steels started in 1912 [6] when Krupp and 
Mannesmann made a 12%Cr steel with 2-5% Mo, principally for corrosion resistance. 
This type of steel was used for steam turbine blades. In the 1940s and 1950s the 
requirements of the jet engine led to the development of 12% Cr steels with greater high 
temperature strength. This was achieved by alloying with strong carbide formers. Today 
the main application for these steels is fossil fired power plants. New steels have been 
designed largely on an empirical basis with new compositions being derived from 
established steels using experience and skill to produce alloys with improved properties 
for specific applications.  
  Figure 6 shows an example of the alloy design of strong 12%Cr heat resistant steels 
[7]. First, taking account of the practical application of this steel in large-diameter and 
thick-walled pipes such as boiler headers and piping, the principle properties are 
oxidation resistance, creep strength, weldability and toughness. More researches have 
been performed since 1960 on the effects of alloying elements on the creep strength of 
9–12% Cr steels. Alloying elements for the 9–12%Cr steels are easily understood if they 
are grouped in terms of their properties and effects into: 1) Cr; 2) Mo, W, and Re; 3) V, 
Nb, Ti, and Ta; 4) C and N; 5) B; 6) Si and Mn; and 7) Ni, Cu, and Co. 
Cr is the basic alloying element for heat resistant steels, and increasing Cr content 
improves oxidation and corrosion resistance. High strength is more likely to be obtained 
near Cr percentages of 2% and 9~12% Cr ferritic steels, and the strength of ferritic 
steels with other Cr addition decreases. The reason for this remains unknown. 
Mo, W and Re are elements useful for solution strengthening, and Mo and W have 
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long been used for heat resistant steels. These elements further enhance the creep 
strength of heat resistant steels when added in greater quantities. If their additions 
exceed a certain limit, however, δ-ferrite is formed and it reduces the creep strength. 
Furthermore, the effect of W on creep strength is approximately half that of Mo, and the 
combined addition of Mo and W can be effective for strength improvement. Re is 
reported to raise creep strength if added in amount of around 0.5%, and this effect is 
similar to the actions of Mo and W [8]. 
V, Nb, Ti and Ta are combined with C and N to produce carbides, nitrides or 
carbonitrides, which finely and coherently precipitate on the ferritic matrix to contribute 
to precipitation strengthening. The optimal contents of V and Nb is about 0.2% and 
0.05%, respectively. 
C and N are austenite formers. They can inhibit formation of δ-ferrite. However, if C 
addition exceeds 0.1%, the creep strength often declines. It is believed that there should 
be an optimal addition according to the types and contents of carbide-forming elements. 
N is believed to be an element essential for raising creep strength in 9%Cr steel. 
Addition of N is usually about 0.05%. It is believed that there should be an optimal 
content relative to other nitride-forming elements such as B.  
B improves hardenability and enhances grain boundary strength, so it can improve 
creep strength. Furthermore, a recent publication indicates that it can stabilize M23C6 
carbides by segregating into M23C6 [9]. 
With respect to Si and Mn, Si is a ferrite former, whereas Mn is an austenite former. 
These actions are viewed as being contradictory to each other, and reduction of the 
contents of both of these elements can improve creep strength. Also, Si works to 
decrease toughness by promoting the Laves phase, whereas Mn, though useful for 
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toughness improvement, can affect the high temperature stability of the ferrite structure 
by decreasing the A1 transformation temperature in the same manner as Ni. 
  Ni, Cu and Co are all austenite formers. If added as alloy elements, they inhibit the 
formation of δ-ferrite by decreasing the Cr equivalent, but they simultaneously decrease 
the A1 transformation temperature. However, level of this decrease varies among these 
elements, and the decline due to additions of Cu and Co is not greater than that of Ni. 
Therefore, if Cu and/or Co are added, inhibition of δ-ferrite formation can be expected 
[10]. 
 
1.2.2 Heat treatment 
  The standard heat treatment of 9-12%Cr steels consists of normalizing and tempering. 
The normalizing is usually carried out at around 1050°C, typically for about 1-2 hours 
[11, 12]. During normalizing most precipitates dissolve, but some Nb-containing 
carbonitride particles remain undissolved and prevent grain growth, thus contributing 
positively to the toughness. In addition, a fully austenitic microstructure should be 
obtained during normalizing. If ferrite is still present at this time it is usually designated 
as δ-ferrite. After cooling to room temperature by air cooling, the steel should become 
fully martensitic, with a high dislocation density.  
  When austenite is rapidly cooled, a diffusionless transformation into martensite takes 
place by a shear process. Martensite is a slightly distorted tetragonal version of the 
ferritic bcc crystal structure. In order to achieve optimum strength, it is important that 
most of the austenite is transformed into martensite on cooling to room temperature. 
This depends on the temperature where austenite is fully transformed into martensite, 
the Mf temperature. Mf should be above room temperature or else retained austenite is 
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present after cooling. Normally air cooling of 9-12 % Cr steels is sufficient for a 
martensitic transformation, because the high level of Cr retards diffusion of C, thus 
preventing the formation of ferrite. For a 12%Cr-0.1%C steel the Ms temperature where 
the martensitic transformation starts is around 300°C and the Mf temperature lies in the 
100-150°C range [13]. Most of the alloying elements which are present in the matrix 
can lower Ms and Mf temperatures. The only element that raises the Ms temperature is 
Co. The following equation gives a rough estimate of the effect of alloying elements 
(mass%) on Ms temperature [13]: 
Ms = 550°C – 450C – 33Mn – 20Cr – 17Ni 
– 10W – 20V – 10Cu – 11Nb – 11Si + 15Co           [1] 
It should be noted that some added elements might precipitate and not be present in the 
matrix. 
  Since the steels become fully martensitic after normalizing, they are hard and brittle. 
It is necessary to soften them by tempering, that is, tempering is done in order to 
recover ductility from the hard and brittle martensite. The temperature for tempering is 
usually in the range of 680-780°C, depending on the properties required [11, 12]. 
Components which require high ductility and tempering resistance for post weld 
treatments, like steam pipes, are tempered in the higher range. When high tensile 
strength is required, for example, the large components like turbine rotors, the 
tempering temperatures are lower, sometimes requiring a two step process in order to 
relieve stresses, with the first tempering being below 600°C [14]. The higher tempering 
temperature limit is the A1 temperature where austenite becomes stable. Some elements, 
especially Ni and Mn, can lower the A1 temperature substantially. If austenite forms 
during tempering, it could transform into brittle untempered martensite upon cooling. 
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Some of the alloying elements will affect the A1 temperature (mass%) [13]: 
A1 (°C) =760 – 30Ni – 25Mn – 5Co + 25Si + 30Al + 25Mo + 50V        [2] 
Some elements might vanish from the matrix due to precipitation during the heat 
treatments, especially Vanadium. The final state of the 9-12%Cr steels before service 
consists of tempered martensite lath structure. 
  Figure 7 shows the a schematic tempered martensitic structure of high Cr ferritic 
steels after tempering. It can be seen that prior austenite grains are divided into packets 
and further into blocks. There are a lot of subgrains in the blocks and each subgrain 
contains a high density of free dislocation in it. In addition, there are various 
precipitates present in the microstructure, such as M23C6 carbides and MX carbonitrides. 
The M23C6 carbide has a cubic crystal structure and consists mainly of Cr, Fe and C, but 
has also minor contents of Mo, W and B. It is usually located along the sub-boundaries. 
The average size of M23C6 carbides after tempering is about 100 nm [15]. The MX 
precipitates are V and Nb rich carbonitrides. They can be divided into two groups, NbC 
and VN. As the NbC remains undissolved throughout the heat treatment, they are also 
called primary MX, while the VN are called secondary MX. They have the same cubic 
NaCl type crystal structure. The primary MX, NbC, precipitates at high temperatures on 
austenite grain boundaries. They will prevent grain growth during normalizing, and 
increase the toughness of the steel. The secondary MX, VN, precipitates during 
tempering. They nucleate on imperfections within the grains, where they can pin down 
the movement of dislocations. As they also precipitate very fast as homogenously 
distributed fine particles, this will increases the creep strength.  
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1.2.3 Microstructural change during creep 
1.2.3.1 Precipitation in high Cr ferritic steels 
  Many of the precipitates which are formed in high Cr ferritic steels are metastable, 
and will disappear with time. Some of them have a very short lifespan, and are already 
dissolved in the tempering process, and replaced by more stable precipitates. The 
thermodynamic driving force for the metastable precipitates is lower than that for the 
stable precipitates. Their occurrence is kinetically favored. An example of a 
precipitation sequence in high Cr ferritic steels could be: 
M3C → M7C3 + M2X → M23C6 + MX → M23C6 + Z-phase 
  M23C6 precipitates and MX are present after tempering. Other precipitates, like Laves 
phase and Z-phase appear during creep exposure. Laves phase (Fe2M) is an 
intermetallic compound and has a hexagonal crystal structure. Fe2W and Fe2Mo in W 
and Mo containing steels, respectively. Fe2W Laves phase usually nucleates faster, thus 
becoming smaller and more finely distributed as compared with the Fe2Mo Laves phase 
[16]. The Z-phase is probably the most stable nitride in high Cr ferritic steels. It has an 
empiric formula of CrXN, where X can be Nb, V or Ta. The first observation of 
Z-phase was made in 1950 by Binder [17] in Nb alloyed creep resistant austenitic steels. 
Many attempts have been made to determine its crystal structure [18-19], but in 1972 
Jack & Jack identified it as tetragonal CrNbN [20] (see Figure 8), which is now widely 
accepted.  
 
1.2.3.2 Aggregation of precipitates 
  Aggregation of precipitates, also called Ostwald ripening, is the last stage of 
precipitation. This process results in fewer but larger particles and the volume fraction 
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remains constant. This will weakens precipitate strengthening and cause the decrease in 
creep strength of the steels. Ostwald ripening is driven by the total decrease in the 
interfacial energy, as a few coarse particles have a smaller surface area compared to a 
corresponding amount (in volume) of small particles. The aggregation rate can be 
described by the following equation: 
  
 -  
                                    (3) 
where d0 and dp are the average diameter of particles before testing and at a time t, and 
   is a constant. The exponent n depends on the coarsening mechanism. If n=2 , the 
coarsening is controlled by interface diffusion. If n=3 , the coarsening is controlled by 
volume diffusion. If n=4 , the coarsening is controlled by grain boundary diffusion. If 
n=5 , the coarsening is controlled by pipe diffusion. The exponent n often takes 3, and 
   is given by the following equation in this case: 
   
     
 
    
   
   
     
    
 
   
  
                           (4) 
where γ is the interfacial energy of particles,   
  and   
 
 are the molar volumes of 
ferrite matrix and particles,   
  is the diffusion coefficient of M atoms in ferrite,   
 , 
  
 
 and   
   
 are the equilibrium mole fraction of M atoms in ferrite, particles and at 
particle surface, respectively. The most important parameters in the equation are   
  
and   
   
.   
  is often used as   
   
. This equation points out that growth of particles is 
slow when   
  and   
  of the major elements in the particles are low in the ferrite 
matrix.  
  Coarsening of M23C6 precipitates on sub-boundaries is described by Eq. (3) with n=3, 
and Kd is given by Eq. (4). It has been reported that Kd decreases with decreasing Mo 
concentration [21]. Reduction of Ni [22] (see Figure 9) and Mn [23, 24] also lowers the 
aggregation rate of M23C6 precipitates due to the decrease of diffusion coefficient. 
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Diameter of M23C6 precipitates measured in 9Cr–W steel is plotted against creep 
exposure time in Figure 10 [25]. The figure demonstrates the delayed coarsening of 
M23C6 precipitates in high W steel. However, the reduced coarsening rate of M23C6 
precipitates in the W containing steel cannot be explained simply by Eq. (4), and a 
multicomponent, multiphase coarsening theory is needed to interpret the coarsening in 
engineering steels. [26]. It is widely accepted that B reduces the coarsening rate of 
M23C6 [27-31]. The reduction is ascribed to the segregation of B to M23C6 precipitates [9, 
27, 30-31]. The segregation has been confirmed with AP-FIM [32, 33]. The slow 
growth of M23C6 precipitates stabilizes fine subgrains and improves the creep strength 
of steel with W and B.   
  The coarsening rate of MX particles is 1/10 of that of M23C6 [21]. Their coarsening is 
described by Eq. (3) with n=5, suggesting the coarsening controlled by pipe diffusion 
[34]. The value of Kd of MX precipitates is small due to the low solubility of Nb and V 
in the ferrite matrix [21]. Addition of W [34] and B [35, 36] does not affect the 
coarsening of MX particles. MX carbonitride is not an equilibrium phase, and a Z-phase 
is formed by the consumption of MX particles. The Z-phase readily grows and is not 
useful for strengthening [21, 37]. The formation of the Z-phase has to be prevented to 
keep fine MX particles for long duration. The formation can be delayed by reducing Nb 
[21, 22] and Ni [22] concentration. The coarsening of precipitates in ferritic steels is 
accelerated by creep deformation. The acceleration of M23C6 precipitates has been 
reported in literature [21, 22, 38-40] The formation of the Z-phase is also promoted by 
creep deformation [41]. 
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1.2.3.3 Subgrain coarsening 
  The subgrain of high Cr ferritic steel is essentially stable even at 650°C, but plastic 
deformation promotes its recovery [39, 42]. Figure 11 shows a typical example of such 
recovery processes observed in three high Cr ferritic steels during creep at 650°C under 
98MPa [43, 44]. The subgrain width increases and the free dislocation density within 
subgrains decreases with the progress of creep deformation [21, 22, 27, 39, 42, 43, 45, 
46 ]. The elongated subgrains related to martensitic transformation become equiaxed 
subgrains typical of creep deformation. The evolution of subgrain width given in Figure 
11 is represented as a function of creep strain in Figure 12 together with other 
experimental results [45, 47, 48]. The subgrain width λs increases with creep strain and 
then reaches a stationary value above a critical strain εc. Similar saturation occurs in the 
free dislocation density within subgrains. The values of εc are about 0.1 in many cases 
[45, 47-51]. The relation between (λs-λ0)/( λs*-λs0) and creep strain ε is represented by a 
straight line irrespective of creep conditions and materials [47, 48, 51] : 
(λs-λ0)/( λs*-λso)=αε                           (5) 
where λso and λs* are the initial and stationary values of subgrain width, and a is a 
constant independent of creep conditions and materials tested. On the other hand, Blum 
and Götz [21, 52] have proposed the following equation relating x (subgrain width or 
free dislocation spacing) to creep strain ε: 
ln x= ln x*+ln(x0/ x*)exp[-ε/k(σc)]                       (6) 
where x0 and x* are the initial and stationary values of x, and k(σc) is a constant 
depending on creep stress σc. The stationary values of subgrain width λ* and free 
dislocation density ρf* are given by the following equations [21, 34, 43, 53, 54]: 
λs*=10Gb/σc                                                (7) 
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ρf*=(σc/0.5MGb)
2                                      
    (8) 
where b is the length of Burgers vector, G is the shear modulus, and M is the Taylor 
factor. These values are primarily determined by σc and independent of materials and 
initial states of the dislocation substructure [45, 47, 48, 51]. 
 
1.2.4 Assessment of strengthening mechanisms  
  The high Cr ferritic steel contains several types of obstacles to dislocation motion. 
They are subgrains, free dislocations within subgrains, and M23C6 , MX and Fe2M 
precipitates. Solute atoms such as Mo and W can also contribute to creep strength. The 
strengthening mechanisms attributed to these obstacles are classified into the following 
three categories: 
  Dislocation strengthening: subgrains and free dislocations 
  Particle strengthening: M23C6 and Fe2M on sub-boundaries and MX within subgrains 
  Solution strengthening: W and Mo in solution 
In this section we assess the contribution of each type of obstacles to creep strength of 
ferritic steel. 
 
1.2.4.1 Solution strengthening 
  Minimum creep rates of α iron (0.001 mass%C) and a Fe alloy (0.001 mass%C-2.3 
mass%W) are compared in Figure 13 [55]. Both materials do not have the precipitates 
and the subgrain structure with the free dislocations. The W addition reduces the creep 
rate by three orders of magnitude. This fact proves that the solid solution hardening is 
effective if the dislocation hardening and the particle hardening are absent. Iwanaga et 
al. [49] have confirmed the solution hardening in a Fe–9Cr–2Ni alloy with a dislocation 
20 
 
substructure. It is to be noted in Figure 13 that the reduction in creep rate by the 
addition of 2.3 % W is less significant in the Fe–9Cr–VNbCN steel with the particles 
and the dislocation substructure than in the α iron without these obstacles. 
 
1.2.4.2 Particle strengthening by MX within subgrains 
  As is evident in Figure 13, the creep rate of α iron is reduced tremendously by 
introducing MX precipitates into the Fe–VNbC steel. This result confirms the particle 
strengthening by MX particles. Two explanations have been proposed on the particle 
strengthening. One is that MX particles themselves act as obstacles to dislocation 
motion [42, 56], and the other is that they slow down recovery of the dislocation 
substructure and retain the dislocation strengthening for longer duration [21]. 
 
1.2.4.3 Particle strengthening due to particles on sub-boundaries 
  Figure 14 [49] shows creep curves of 9Cr–0.1C steel with M23C6 precipitates on 
sub-boundaries and of 9Cr–2Ni steel without precipitates. Both steels have the 
dislocation substructure of tempered martensite. The M23C6 precipitates obviously 
improve creep resistance, since they slow down the recovery of the dislocation 
substructure [42, 49, 56]. 
  Igarashi and Sawaragi [57] have studied creep of ferritic steel with Laves phase but 
without subgrain and MX precipitates, and have confirmed an increase in creep 
resistance by Laves phase. Tsuchiyama et al. [58] have demonstrated significant 
decrease in creep rate due to stabilization of the dislocation substructure by Cu particles. 
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1.2.4.4 Dislocation strengthening 
  A comparison is made in Figure 15 [50] between creep rates of bainitic (B) steel with 
the dislocation substructure and ferritic (F) steel without the dislocation substructure. 
The dislocation substructure of bainite is similar to that of tempered martensite. When 
MX particles and solute atoms (0.6W+0.15Mo) are present, the introduction of the 
dislocation substructure (from the ferritic (F+P+S) steel to the bainitic (B+P+S) steel) 
lowers the creep rate to 1/70, demonstrating the effectiveness of the dislocation 
hardening in creep. The dislocation hardening is confirmed in Figure 13 between 
Fe–9Cr–VNbCN with the dislocation substructure and Fe–VNbC without the 
dislocation substructure, and also in 9Cr–1Mo steel [59].  
  As is evident in Figure 15, the minimum creep rate of bainitic steel without 
precipitates and solute atoms is similar to that of ferritic steel without precipitates and 
solute atoms, whereas the minimum creep rate of bainitic steel with precipitates and 
solute atoms is smaller than that of ferritic steel with precipitates and solute atoms, 
indicating that the dislocation substructure cannot reduce the minimum creep rate 
without precipitates and solute atoms, since the dislocation substructure cannot be 
retained during creep without these obstacles. Therefore, precipitates and/or solute 
atoms are necessary for the strengthening by the dislocation substructure. On the other 
hand, a similar amount of precipitates and solute atoms can reduce creep rate more 
effectively in the bainitic steel with dislocation substructure than the ferritic steel 
without dislocation substructure. These facts suggest that the dispersed precipitates and 
the solute atoms assist the dislocation strengthening in addition to their own roles in 
strengthening. 
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1.2.4.5 Comparison of strengthening mechanism of high Cr ferritic steel 
  As proved above, each strengthening mechanism, namely the solution strengthening, 
the dislocation strengthening or the particle strengthening, is effective for creep strength 
when the other two mechanisms are absent. Practical steels have all the origins of the 
three strengthening mechanisms. Furthermore, several kinds of particles, for example 
MX, M23C6 and Fe2M, coexist in the steels. It is reasonable to assume that the obstacles 
determining the athermal yield stress at intermediate temperatures also control creep 
deformation and rupture life. We have to discuss which obstacles determine the 
athermal yield stress of the high Cr ferritic steel. 
  Typical values of number density Ni , average spacing λi , and Orowan stress σi of the 
ith precipitates in high Cr ferritic steels are listed in Table 1. They were estimated on the 
basis of experimental data reported in the literatures [21, 22, 32, 60]. The following 
equation correlates average spacing λi to the number density Ni on the slip plane: 
Ni=1/  
                                (9) 
The total number density Nt and the total average spacing λt of all precipitates are given 
by the following equations 
Nt=
i
iN                                           (11) 
λt=1/ 
i
iN                              (12) 
Orowan stress σi is defined by the following equation: 
σi=0.8MGb/λi                                         (10) 
where M is the Taylor factor (=3), G is the shear modulus (64 GPa at 650°C), and b is 
the length of Burgers vector (=0.25 nm). The Orowan stresses due to all the precipitates 
in the steel is 215MPa. However, the value of σa of the high Cr ferritic steel with 
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tempered martensitic lath structure is in the range of 400 to 500MPa. Therefore, the 
Orowan stress due to all precipitates is too small to explain the experimental level of 
yield stress σa.  
  The tempered martensitic lath structure, namely subgrain, is another plausible 
candidate determining yield stress σa. The athermal yield stress σa due to subgrain 
structure is given by the following equation: 
σsg=10Gb/λs                                    (11) 
where λs is the subgrain width (a short width in the case of elongated subgrains) [21, 34, 
43, 45, 52, 53] and it is in the range of 350 to 500 nm in high Cr ferritic steels [27, 43, 
45]. The values of λs give σa of 300 to 450MPa. The subgrain gives the greater values of 
σa than the precipitates and can explain the experimental value of σa. Therefore, it can be 
concluded that the subgrain is the major obstacle which determines the athermal yield 
stress of high Cr ferritic steel with the tempered martensitic lath structure. 
 
1.3 Breakdown of creep strength 
1.3.1 Premature creep failure 
  High Cr ferritic steels are designed to used for more than 10
5
h in fossil fired power 
plants, so it is necessary to understand the long-term creep life of the steels. However, it 
is not easy to carry out such a long-term creep test. Therefore, the long-term creep life is 
usually evaluated from short-term creep rupture data by time-temperature-parameter 
(TTP) methods, such as Larson-Miller [61], Orr-Sherby-Dorn [62] and Manson-Haferd 
[63] methods. However, it has been pointed out that this types of steels may fail earlier 
than the creep rupture life predicted from their short-term creep data [64-66]. Figure 16 
is an example of the loss of rupture strength reported in Mod.9Cr-1Mo steel [64]. Creep 
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rupture life is plotted as a function of creep stress. The solid curves were predicted from 
the short-term data at higher temperatures. The long-term experimental data points at 
600 and 650°C deviate from the prediction based on shorter creep rupture data. 
Breakdown of creep strength is the cause of this premature creep failure. Understanding 
of causes of breakdown of creep strength is necessary for detecting and preventing the 
premature breakdown of creep strength. 
  In recent years, efforts have been made to clarify the cause of breakdown of creep 
strength in tempered martensitic 9-12% Cr steels at the elevated temperature during 
creep exposure. Some evidences for causes of the premature breakdown of creep 
strength have been reported so far, but they are not observed and true for all kinds of 
high Cr ferritic steels. They change depending on the chemical composition and heat 
treatment condition. Hence, the main causes of the premature breakdown of creep 
strength and consequently the premature creep failure have not been fully understood 
yet. 
 
1.3.2 Cause of breakdown of creep strength 
1.3.2.1 Loss of creep ductility 
  Maruyama et al. [65] pointed out that loss of ductility is the origin of the loss of creep 
strength in 11Cr-2W-0.3Mo-CuVNb steel at 650 
o
C. The reduction in area measured 
after creep rupture was only 11% at 650 C and 100 MPa, while it was 86% at 700 
o
C 
and 100 MPa. The following is the scenario of the loss of creep rupture strength. 
Enhanced recovery of subgrain structure takes place along grain boundaries. Strain 
concentration along the boundary regions form grain boundary cracks. This results in 
low ductility, breakdown of creep strength and consequent premature creep failure. 
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However, the ductile to brittle transition does not occur in ferritic rotor steel tempered at 
a low temperature. 
 
1.3.2.2 Recovery of excess dislocation 
Excess dislocations resulting from low temperature tempering causes a rapid decrease 
in creep rupture strength for 12Cr-1Mo-1W-VNb steel during long-term creep at 
600-650
o
C [67]. This is because excess dislocation accelerates recovery and 
recrystallization during creep with the aid of stress, which also promotes microstructure 
evolution during creep. 12Cr turbine steels are more susceptible to a rapid loss of creep 
strength during long-term creep than 9-12Cr boiler steels, because the dislocation 
density after tempering is much higher in 12Cr turbine steels than in boiler steels. 
However, this cause can not describe the premature creep failure of steels tempered at 
higher temperature close to 800 
o
C with low dislocation density. 
 
1.3.2.3 Effect of δ-ferrite 
Dual phase 12Cr steel (12Cr-0.4Mo-2W-CuVNb, specified as KA-SUS410J3DTB) 
exhibits a rapid decrease in creep strength at 600-650
o
C during long-term creep. Kimura 
et al. [68] proposed that the degradation is caused by inhomogeneous creep deformation 
around δ-ferrite. Because diffusion of carbon and nitrogen is promoted by the large 
concentration gap across the interface between martensite and δ-ferrite, enhanced 
diffusion promotes the coarsening of precipitates and microstructure recovery. Igarashi 
et al. [69] reported that heterogeneous creep deformation at low stresses is a main factor 
in the degradation in long-term creep strength. They pointed out that a decrease in the 
density of fine MX and non-uniform distribution of MX in δ-ferrite promotes 
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heterogeneous creep deformation at low stresses. However, steels T/P92 containing 9% 
Cr does not contain δ-ferrite and again exhibit premature creep failure in long-term 
creep region. 
 
1.3.2.4 Progressive coarsening of M23C6 precipitates 
Under the condition of no Z phase formation, a rapid loss of creep rupture strength 
was observed for a 9Cr-3W-3Co-0.2V-0.05Nb steel with 0.08% carbon but no addition 
of nitrogen, for long-term creep more than about 1000h at 650 
o
C as shown in Figure 17 
[67]. The residual nitrogen content of the steel was only 0.0019% (19ppm), suggesting 
an extremely low content of MX carbonitrides and hence an extremely low driving 
force for Z phase formation during creep. Therefore, the dissolution of fine M2X and 
MX carbonitrides and the precipitation of the Z phase can be excluded from the main 
explanation for the loss of creep rupture strength. The proposed mechanism is the 
coarsening of M23C6 carbides as the recovery of tempered lath martensite microstructure 
in the vicinity of prior austenite grain boundaries. The addition of a small amount of 
boron, about 100 ppm, effectively suppresses the coarsening of M23C6 carbides in the 
vicinity of prior austenite grain boundaries and hence suppresses the rapid loss of creep 
rupture strength. However, how coarsening of M23C6 carbides causes breakdown of 
creep strength is not clear yet. 
 
1.3.2.5 Precipitation of Z-phase 
The precipitation of Z phase, M6X carbonitrides and Fe2 (W, Mo) Laves phase during 
creep causes a loss of creep strength during long-term creep, because they consume 
existing fine precipitates. Figure 18 shows the sigmoidal behavior of creep rupture data 
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of 0.1C-10.84Cr-0.14Mo-2.63W-2.86Co-0.55Ni-0.19V-0.06Nb-0.019B steel (TAF650) 
at 650
o
C, compared with the data for original TAF and 9Cr-1Mo-0.2V-0.05Nb steel 
(Mod. 9Cr-1Mo, T91) [70]. The synergic effect of Z phase precipitation and tungsten 
depletion of the solid solution by Fe2W Laves phase formation could be the reason for 
the sigmoidal shape of the creep strength curve of TAF 650 steel. Precipitation of Z 
phase takes place after a long-term creep at the service temperature and it forms large 
particles at the expense of the previously formed fine vanadium nitrides, which leaves a 
vanadium nitride free zone around the Z phase. This causes a drastic loss of creep 
strength [18]. It has been suggested that the precipitation of Z phase may have the 
detrimental effect on creep strength for tempered martensitic high Cr steels. 12 Cr steels 
are more susceptible to precipitation of the Z phase than 9Cr steels because of the high 
content of Cr [66]. A higher content of nitrogen also accelerates the precipitation of the 
Z phase [71]. However, this is not the case in ferritic boiler steels tempered at a 
temperature close to 800 
o
C. Semba et al. [72] have found a similar breakdown of creep 
strength in the high Cr ferritic steel in which Z phase cannot be formed because of the 
absence of nitrogen atom.  
The coarsening of M23C6 carbides in 12CrMo(W)VNbN steel is accompanied by 
dissolution of fine MX carbonitrides owing to the precipitation of coarse M6X and or 
the Z phase [73]. Increase in Ni content in 12CrMoV steel results in accelerated 
microstructure degradation with more rapid coarsening of M23C6, dissolution of M, and 
precipitation of coarse M6X and Fe2Mo [74].  
 
1.3.2.6 Preferential recovery of subgrains near prior austenite grain boundaries 
It has been reported that the breakdown of creep strength in Gr.91 steel is due to 
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preferential recovery of the tempered martensite lath structure in the vicinity of prior 
austenite grain boundaries as shown in Figure 19 [64]. The preferential recovery 
promotes preferential and localized creep deformation in the vicinity of prior austenite 
grain boundaries, resulting in the breakdown of creep strength. The dissolution of MX 
and the precipitation of the Z phase is the cause of preferential recovery. However, the 
preferential recovery can just be observed in the steel after creep for 30000h at 600
o
C 
[64]. A full recovery of lath structure over the whole grain has been reported in Gr.91 
steel after long-term creep for 80000h and 10
5
h at 600
o
C as shown in Figure 20 [75, 
76].  
 
1.3.2.7 Static recovery  
  Maruyama et al. [77-79] have found a good agreement between hardness drops due to 
static aging and breakdown of creep strength. Based on this fact, they proposed a 
contribution of the static recovery to creep deformation as the cause of breakdown. 
However, creep deformation can also contribute to hardness drop or loss of creep 
strength by accelerating microstructual degradation in the steels. It has been reported 
that the hardness drop due to static aging is extremely slight as compared with that 
during creep as shown in Figure 21 [80]. It is doubted that the contribution of static 
recovery is too slight to cause the breakdown of creep strength. 
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Tables and Figures 
 
Table 1. Number density, spacing and Orowan stress of each kind of particles  
in high Cr ferritic steel 
 
Precipitate Number density 
Ni (μm
2
) 
Spacing 
λp (nm) 
Orowan stress 
σor (MPa) 
Fe2M 5.95 410 95 
M23C6 14.79 260 150 
MX 9.77 320 120 
Total 30.51 181 215 
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Figure 1. Sources of electricity generation 
 
Figure 2. Source of CO2 emission in Japan (2005) 
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Figure 3. CO2 emission from various power plants in Japan 
 
 
Figure 4. Trends of steam conditions of power plants in Japan 
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Figure 5. Correlation between steam conditions and efficiency 
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Figure 6. Alloy design concept of high Cr ferritic steels 
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Figure 7. Schematic microstructure of high Cr ferritic steels containing lath boundaries 
and precipitates formed during tempering 
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Figure 8. The crystal structure of the Z-phase 
 
Figure 9. Effect of Ni on the growth of M23C6 precipitates in the steel at 600°C 
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Figure 10. Effect of W on the growth of M23C6 precipitates in 9Cr–W steel at 600°C 
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Figure 11. (a) Creep curves, and changes in (b) subgrain width and (c) free dislocation 
density within subgrains during creep of three high Cr ferritic steels at 650°C  
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Figure 12. Evolution of subgrain width as a funtion of creep strain 
 
 
Figure 13. Minimum creep rates of ferritic steels at 600°C 
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Figure 14. Creep curves of tempered martensitic steels with (Fe–9Cr–2Ni) and without 
(Fe–9Cr–0.1C) M23C6 precipitates 
 
 
Figure 15. Minimum creep rates of ferritic (F) and bainitic (B) steels at 600°C and 
98MPa. +P and +S mean that MX precipitates and solute atoms (0.6W10.15Mo) were 
added to the steels 
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Figure 16. Stress vs. creep rupture life of Mod.9Cr-1Mo steel 
 
 
Figure 17. Breakdown of creep strength in 9Cr-3W-3Co-0.2V-0.05Nb steel  
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Figure 18. Creep behavior of various ferritic steels at 650
o
C 
 
 
Figure 19. Preferential recovery of the tempered martensite lath structure along prior 
austenite grain boundaries in T91 steel 
 
2 m
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Figure 20. A full recovery of lath structure over the whole grain in Gr.91 steel after 
creep for 10
5
h at 600
o
C 
 
Figure 21. Hardness changes with thermal aging and creep in Gr.91 steel 
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2. Objective 
 
  High Cr ferritic steels have been widely used for components in elevated temperature 
parts of fossil fired power plants. Breakdown of creep strength accompanied by 
decrease in stress exponent and activation energy is a major problem for such steels 
during long-term service. This breakdown often causes overestimation of long-term 
creep rupture life of the steels. Therefore, the first objective in this study is to 
investigate the cause of breakdown of creep strength.  
  The outline of the present study is shown in Figure 1. As mentioned in Section 1.3.2, 
although many mechanisms have been proposed so far, the cause of breakdown of creep 
strength in high Cr ferritic steels has not been fully clarified yet. One of the mechanisms 
is static recovery of tempered martensite lath structure proposed by Maruyama et al.. 
They have pointed out that static recovery may be the cause of breakdown of creep 
strength based on the fact that hardness drop due to static recovery well accords with the 
breakdown of creep strength. In this study, this proposal is assessed by estimating the 
contribution of static recovery to breakdown of creep strength. This is done by the 
following three steps. First step is to study the static recovery process alone. The 
questions " How do precipitates and subgrains change due to static recovery during 
aging " and " what is the quantified correlation of hardness drop with precipitate 
aggregation and subgrain coarsening due to static recovery " are focused. The details of 
this step is explained in Chapter 4. Second step is to study short-term creep where 
breakdown of creep strength does not take place. There is only strain-induced recovery 
process takes place in short-term creep. The questions " How do precipitates and 
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subgrains change due to stain-induced recovery during short-term creep " and " what is 
the quantified correlation of hardness drop with precipitate aggregation and subgrain 
coarsening due to strain-induced recovery " are focused. The details of this step is 
explained in Chapter 5. The third step is to study the long-term creep where breakdown 
of creep strength takes place. Both of the static recovery and strain-induce recovery take 
place in long-term creep. The questions " How do precipitates and subgrains change due 
to static recovery and strain-induced recovery " and " How large is the contribution of 
static recovery to breakdown of creep strength " are focused. Based on the results, 
whether static recovery is the cause of breakdown of creep strength can be assessed. 
The details of this step is explained in Chapter 6. 
 
  The second objective in the present study is to assess creep rupture life. Figure 2 
explains how to assess creep life. Based on the discussion in Chapters 5 and 6, the strain 
can be evaluated by subgrain size during creep. In addition, the strain is correlated to the 
ratio of creep time to creep life. Therefore, if the subgrain size at the creep time t is 
measured, the strain and further the ratio of creep time to creep life are obtained. As a 
result, creep life can be assessed. However, it is not easy to evaluated the subgrain size 
during creep. On the other hand, the subgrain size can be assessed by hardness 
measurement, so we assess creep life using hardness measurement in practical 
application. Since the static recovery takes place during long-term creep, the behavior of 
subgrain coarsening is different during short-term creep and long-term creep, so the 
short-term and long-term creep life assessments are discussed separately. The details are 
explained in Chapter 7.  
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Tables and Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Outline of the present study 
Objective 1  Cause of breakdown of creep strength 
Chapter 4 
Static recovery 
during aging 
Chapter 7 
Objective 2  Assessment of creep life 
Chapter 5 
Strain-induced recovery  
during short-term creep where breakdown of 
creep strength does not take place 
Chapter 6 
Static recovery + Strain-induced recovery 
during long-term creep where breakdown of 
creep strength takes place 
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Figure 2. Creep life assessment using hardness measurement 
Subgrain size 
d 
Strain 
ε 
Hardness 
H 
Creep time/Creep life 
t/tr 
Long-term creep 
Short-term creep 
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3. Experimental procedure 
 
3.1 Experimental materials 
  The materials studied were two heats of Gr.91 steel which has been widely used as a 
boiler material in fossil fired power plants. The chemical composition of the steels is 
given in Table 1. Both of the steels were manufactured by vacuum induction melting 
(VIM) and then hot forging. In the next stage, they were heat treated. The heat treatment 
condition of the steels is given in Table 2. Figure 1 shows the Iron-Chromium (Fe-Cr) 
phase diagram [1]. Based on this diagram, the microstructure of the steels only 
consisted of martensite after normalizing. Therefore, a uniform tempered martensite 
structure was obtained in the steels after tempering. 
 
3.2 Creep test and aging 
  The steam temperature was 550
o
C in fossil fired power plants two decades ago. It has 
increased up to 600
o
C in recent years [2]. In the future, it is hoped to increase up to 
650
o
C for ferritic steel. Therefore, the creep rupture tests of the materials studied were 
carried out in the temperature range from 550
o
C to 700
o
C under a constant load in air. 
Some creep tests were interrupted in order to understand what happened during creep. 
All of the crept specimens are listed in Tables 3, 4 and 5.  
  Figure 2 shows the schematic image of crept specimens. They contain two portions. 
One is gauge portion, which was subjected to tensile stress and consequently elongated 
during creep test. The gauge portion was 10mm in diameter and 50mm in length before 
creep test. The other is grip portion, which was free of stress and consequently did not 
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deform during creep test. Therefore, grip portion actually can be regarded as specimens 
for static aging. The specimens after static aging were taken from grip portion of crept 
specimens in this study. 
 
3.3 Analysis of creep data 
  The creep rupture data of the materials studied were analyzed based on  
Orr-Sherby-Dorn equation [3]: 
tr = f (σ) exp (
 
  
)                             (1) 
where f (σ) is the function of stress, R is the universal gas constant, T is the absolute 
temperature, and Q is the apparent activation energy for creep rupture life. The creep 
data were divided into several regions so that each region had unique stress exponent 
and activation energy [4, 5]. Since the data were not sufficient in number, they were 
analyzed together with the data of another heat of Gr.91 steel ( Heat C [6] ), which 
exhibits similar creep strength to the steels studied.  
 
3.4 Measurement of spacing of precipitates 
  Since the steels studied contain very fine precipitates, such as MX precipitate whose 
diameter is usually 20~30 nm, the measurement of spacing of precipitates in such steels 
demands the preparation of carbon extraction replicas on which precipitates have been 
caught. The procedure of sample preparation is shown as follows: 
  Round bar crept specimens were machined to plates with a thickness of 1mm using a 
diamond cutting machine. The longitudinal direction of plates was parallel to the tensile 
direction of creep test. And then the plates were cut into smaller pieces for mounting 
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using electrical discharge machine (EDM). The sending speed of table was 2000~3000 
μm/min, the discharge period was 10~15 μsec, and the discharge energy was 4~5. The 
cut pieces were mounted using a mounting machine. After that, the mounted specimens 
were subjected to mechanical grinding on SiC paper in the order of 1G, 150#, 600#, 
1000#, 1500#, 2400# and 4000#. The specimens were further polished using 6μm and 
then 1μm diamond pastes until the scratches of surface disappeared. After polishing, the 
specimens were chemically etched with the following condition:   
Reagent: 15ml of hydrochloric acid, 10g of picric acid and 100ml of ethanol 
  Temperature: room temperature 
  Time: 5~10 seconds 
  In the next stage, a carbon film was deposited on the surface of etched specimens 
using a carbon coating machine. Thereafter, the film was cut into pieces. Finally, the 
specimen was immersed into the reagent of 1 g picric acid, 5 ml hydrochloric and 100 
ml ethanol at room temperature for 1~2 hours as shown in Figure 3. After that, the film 
was automatically separated from the surface of specimens. The separated film was 
rinsed with the solution of 50% ethanol and 50% distill water 3 times, and then 
transferred to a beaker filled with distill water where the film was fully spread on the 
water surface ready for collection on copper grids. The replica was then allowed to dry 
in air on filter paper. 
  The replicas were analyzed using scanning transmission electron microscopy (STEM). 
Before installed into the chamber of transmission electron microscopy, replica was 
cleaned by plasma cleaner for 20 seconds in order to avoid contaminant during 
observation. Each precipitate on replica was identified by semiautomatic determination 
of the energy dispersive X-ray spectroscopy (EDX). The typical spectrums of various 
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precipitates in the high Cr ferritic steels were given in Figure 4 [7]. The total selected 
area for observation was more than 25μm2 for each specimen. The spacing of 
precipitates was calculated according to the following equation 
                                   (2) 
where   is the spacing of precipitates, N is the number of precipitates in the area A. 
 
3.5 Measurement of subgrain size 
  Measurement of subgrain size was carried out using FE-TEM pictures. The 
specimens for TEM observation were thin foils which were prepared as follows: 
  Round bar crept specimens were machined to plates with a thickness of 1mm using 
diamond cutting machine. The longitudinal direction of plates was parallel to the tensile 
direction of creep test. And then the plates were cut into discs with a diameter of 3.3 
mm using electrical discharge machine (EDM). The both sides of disc specimens were 
subjected to mechanical grinding using SiC paper in the order of 1G, 0#, 200#, 600#, 
1000#, 1500# and 3000# until the thickness of the discs was 70μm. The grinded 
specimens were then subjected to twin-jet electropolishing. Condition of 
electropolishing was the following: 
  Electrolyte: HClO4 : C2H5OH = 1 : 4 
  Applied voltage: 30V 
  Temperature of Electrolyte: -20±3
o
C 
  If the area in the vicinity of hole of foil was not thin enough after electropolishing, 
the foil was further thinned using ion milling. The condition of ion milling was listed as 
follows: 
  Voltage: 4kV 
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  Angle of ion milling: ±4° 
  Time: 1~20 minutes 
  More than 400 subgrains were measured to get an average subgrain size for each 
specimen.  
 
3.6 Hardness measurement 
  Hardness values give a criterion that can evaluate synthetically the properties of a 
material. The mounted specimens for carbon extraction replicas were used again for 
hardness measurement. Since the scratches were left on the surface after the film was 
cut into pieces, the mounted specimens were again subjected to mechanical grinding 
using SiC paper in the order of 1G, 150#, 600#, 1000#, 1500#, 2400# and 4000#. After 
that, the specimens were polished using 6 μm and then 1μm diamond pastes until no 
scratch was observed on the surface.  
  The hardness of specimens was measured by a Vickers hardness tester under a load of 
1.96 N. The average hardness was taken after measuring more than 12 times for each 
specimen. 
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Tables and Figures 
 
Table 1. Chemical composition of the steels studied (mass%) 
 
 
 
 
Table 2. Heat treatment of the steels studied 
 
 Normalizing Tempering 
Gr.91A 1040
o
C 1h 760
o
C 1h 
Gr.91B 1050
o
C 1h 780
o
C 1h 
 
 
 
 
 
 C Si Mn P S Ni 
Gr.91A 0.11 0.41 0.37 0.005 0.003 0.02 
Gr.91B 0.09 0.26 0.44 0.014 0.0006 0.008 
 Cr Mo V Nb N Fe 
Gr.91A 8.52 1.00 0.24 0.08 0.035 Bal. 
Gr.91B 8.28 0.88 0.20 0.068 0.044 Bal. 
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Table 3. Crept specimens of Gr.91A 
 
 Temperature(
o
C) Stress (MPa) Time (h)  
Gr.91A 
550 
265 39 
Rupture 
245 142 
196 2379 
176 12957 
600 
196 31 
157 772 
137 3424 
108 40246 
98 90408 
650 
127 41 
98 796 
78 5129 
69 22900 
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Table 4. Crept specimens of Gr.91B in the temperature range from 550
o
C to 650
o
C 
 
 Temperature(
o
C) Stress (MPa) Time (h)  
Gr.91B 
550 200 
477 
Interrupted 2166 
2736 
4058 Rupture 
625 
90 
2000 
Interrupted 4000 
6000 
9117.5 Rupture 
115 
177 
Interrupted 369 
550 
954.8 Rupture 
650 
90 
198 
Interrupted 390 
558 
929.7 Rupture 
110 
70 
Interrupted 
105 
139.2 Rupture 
163.6 Rupture 
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Table 5. Crept specimens of Gr.91B in the temperature range from 675
o
C to 700
o
C 
 
 Temperature(
o
C) Stress (MPa) Time (h)  
Gr.91B 
675 60 
504 
Interrupted 1054 
1602 
2587 Rupture 
700 
60 
96 
Interrupted 
200 
302.6 Rupture 
50 
200 
Interrupted 568 
856 
1083.4 Rupture 
40 
100 
Interrupted 
358 
700 
1050 
4418.2 Rupture 
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Figure 1. Iron-Chromium (Fe-Cr) phase diagram 
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Figure 2. Grip and gauge portion of crept specimens 
 
 
 
Figure 3. The immersion of carbon coated specimens 
 
ϕ
1
0
 
65 
 
 
 
 
Figure 4. Spectrum of various precipitates in high Cr ferritic steels 
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4. Static recovery during aging 
 
4.1 Objective 
  This chapter aims to clarify the following questions: 
  1. How do precipitates and subgrains change during aging? 
  2. What is the cause of static recovery during aging? 
  3. How to quantify the hardness drop due to static recovery during aging? 
 
4.2 Microstructural degradation during static aging 
  As mention in section 1.2, the microstructure of high Cr ferrtic steels is very complex. 
It contains solute atoms, free dislocations, subgrains and various precipitates, for 
example, MX precipitates, M23C6 precipitates and Laves phase. Since subgrains are the 
major obstacles against dislocation motion and thus determine the creep strength and 
hardness of the steels, their change during static aging is investigated. Most of the 
precipitates are MX and M23C6 precipitates in the steel studied [1-6]. Some of the MX 
precipitates and almost all the M23C6 precipitates are distributed along the subgrain 
boundaries providing a pinning force against the motions of subgrain boundaries. 
Therefore, the changes of MX and M23C6precipitates during aging are also investigated. 
  
4.2.1 Aggregation of precipitates  
  Figure 1 shows the microstructure of Gr.91 steel after aging for (a) 358h at 700
o
C, (b) 
41h, (c) 22900h at 650
o
C and (d) 31h, (e) 90408h at 600
o
C. It can be seen that the 
spacing of precipitates is very small after aging for 41h at 650
o
C and 31h at 600
o
C. 
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However, after aging for 22900h at 650
o
C and 90408h at 600
o
C, the spacing of 
precipitates increases. 
  Figure 2(a) shows the spacings of M23C6 and MX precipitates as a function of aging 
time in Gr.91 steel. It can be found that spacing of MX precipitates does not change at 
all even after long-term aging due to their high thermal stability. Corresponding to the 
no disappearance of MX precipitates, Z-phase is not found. These facts accord with the 
high thermal stability of MX pointed out in the literature [7]. The spacing of M23C6 
precipitates is kept constant up to 5×10
3
h at 650
o
C, and 10
5
h at 600
o
C, and then 
increases with increasing aging time, indicating that aggregation of M23C6 precipitates 
takes place. Based on the hardness measurement in section 4.3, the hardness does not 
drop in the time range shorter than 300h at 700
o
C, indicating that static recovery does 
not occur in this time range. Therefore, it can be said that the spacing of M23C6 
precipitates is kept constant up to 300h at 700
o
C, and then increases with increasing 
aging time as shown in Figure 2(a).  
  It is obvious that the aggregation of precipitates is not only time-dependent but also 
temperature-dependent based on Figure 2(a). In general, the aggregation of precipitates 
during aging is controlled by lattice diffusion of atoms. The average diffusion distance 
of atoms can be given by the following equation: 
                                                                  (1) 
where l is the average diffusion distance of atoms, t is the aging time, D is the lattice 
diffusion coefficient of atoms in  -iron. The diffusion coefficient is expressed by the 
following equation: 
                       D=D0exp 
   
  
                             (2) 
where D is the diffusion coefficient at the temperature T, D0 is a material constant, R is 
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the universal gas constant, QD is the activation energy for aggregation of M23C6 
precipitates during aging which is taken to be 356kJ/mol at the temperature of interest 
in the present steel. Based on Equations (1) and (2), the spacing of M23C6 precipitates 
obtained at temperature T can be converted to that at 600
o
C using the following 
correlation: 
t600=tT DT /D600                               (3) 
where t600 and tT are the aging time at the temperature 600
o
C and T, respectively, D600 
and DT are the diffusion coefficient at the temperature 600
o
C and T, respectively. Figure 
2(b) shows the spacing of M23C6 precipitates plotted in Figure 2(a) as a function of 
aging time. The spacing of M23C6 precipitates obtained at other temperatures is 
converted to that at 600
o
C based on Equation (3). It can be seen that the aggregation of 
M23C6 precipitates becomes evident after long-term aging.  
  Figure 3 shows the Cr concentration of M23C6 precipitates in Gr.91 steel during aging. 
Cr concentration of M23C6 precipitates increases with increasing aging time. Cr 
concentration of M23C6 precipitates significantly increases after long-term aging when 
the aggregation of M23C6 precipitates takes place. Although the Ostwald-ripening is 
considered as the major mechanism of the aggregation of M23C6 precipitates [8], the 
flow of Cr from matrix to the precipitates can also assist the coarsening of precipitates. 
Similar findings have also been reported [9]. 
  The Cr concentration of M23C6 precipitates increases by means of diffusion of Cr 
atoms in the steel. Given that chemical composition is homogenous in the present steel, 
the average diffusion distance of a Cr atom can be given by the following Equation(1). 
The value of lattice diffusion coefficient of Cr atom is given in Figure 4 [10]. According 
to this equation, the diffusion distance of Cr atom after the tempering, 780
o
C for 1h, is 
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just 0.7μm, which is about 2 times longer than the subgrain size. This diffusion distance 
is short enough to form a thermally stable microstructure. However, after aging for 
90408h at 600
o
C and 358h at 700
oC, the diffusion distance is 3.4μm and 2.8μm, 
respectively. These distances are close to the packet radius in the steel [11], which can 
cause the aggregation of M23C6 precipitates. After aging for 22900h at 650
o
C, the 
diffusion distance increases to 5.1μm which is long enough to bring about obvious 
aggregation of M23C6 precipitates. 
  It should be noted that there is a temperature dependence of spacing of precipitates in 
the short-term aging range. It is reported that the hardness of specimens just after very 
short-term aging is lower than that of the specimens before creep test [12]. This fact 
suggests that some microstructural changes take place just after very short-term aging. 
The mechanism of these microstructural changes itself is not clear yet now. 
 
4.2.2 Coarsening of subgrains  
  As shown in Figure 1, the subgrain size is very small after aging for 41h at 650
o
C and 
31h at 600
o
C. However, after aging for 22900h at 650
o
C and 90408h at 600
o
C, the 
subgrain size increases, indicating that coarsening of subgrains takes place after the 
long-term aging.  
  Figure 5(a) reveals the evolution of average subgrain size over the whole grains 
during aging at different temperatures. The subgrain size is kept constant in the time 
ranges shorter than 300h at 700
o
C, 5×10
3
h at 650
o
C and 10
5
h at 600
o
C, and then 
increases with increasing aging time. Figure 5(b) shows the subgrain size plotted in 
Figure 5(a) as a function of aging time. The subgrain size obtained at other temperatures 
is converted to that at 600
o
C based on Equation (3). It can be seen that the subgrain 
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coarsening becomes evident after long-term aging. This fact indicates that subgrains are 
essentially thermally unstable, and coarsening of subgrains takes place over the whole 
grains after sufficiently long-term aging.  
  It is known that M23C6 and MX precipitates are preferentially distributed along the 
subgrain boundaries. They can stabilize subgrains by exerting a pinning force against 
the migrations of subgrain boundaries. Since the spacing of M23C6 and MX precipitates 
does not change in the time ranges shorter than 300h at 700
o
C, 5×10
3
h at 650
o
C and 
10
5
h at 600
o
C, subgrain size is kept constant in these time ranges. On the other hand, in 
the time ranges longer than 300h at 700
o
C, 5×10
3
h at 650
o
C and 10
5
h at 600
o
C where 
coarsening of subgrains takes place, the spacing of MX precipitates is still kept constant, 
whereas the spacing of M23C6 precipitates increases, indicating that the coarsening of 
subgrains is caused by the loss of pinning force from M23C6 precipitates. MX 
precipitates have nothing to do with the coarsening of subgrains. 
 
4.3 Hardness drop during static aging 
  Figure 6 shows the hardness of Gr.91 steel as a function of aging time. As shown in 
this figure, the hardness of Gr.91 steel is kept constant up to 300h at 700
o
C, 5×10
3
h at 
650
o
C and 10
5
h at 600
o
C, and then it decreases with increasing aging time. The 
hardness drop is caused by the coarsening of subgrains which are the major obstacles to 
the motions of dislocations in the steels. The drop in hardness accords very well with 
the coarsening of subgrains shown in Figure 5. Figure 7 shows the stress and 
temperature dependence of creep rupture life of Gr.91 steel. Since the data of the steel 
studied are not sufficient in number, they are subjected to multi-region analysis [13, 14] 
together with the data of another Gr.91 steel (Gr.91C) [15], which exhibits the similar 
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creep strength to the steel studied. It can been seen that stress exponent decreases in the 
time range longer than the dotted line, indicating that breakdown of creep strength takes 
place after long-term creep exposure. The time when breakdown of creep strength takes 
place accords with that when the hardness drops due to static aging.  
 
4.4 Discussion 
4.4.1 Ostwald ripening of M23C6 precipitates during aging 
  The spacing of M23C6 precipitates shown in Figure 2 is plotted again in Figure 8. This 
figure shows the Ostwald ripening of M23C6 precipitates during aging. The Ostwald 
ripening is described by the following equation: 
  =  
 +  t                               (4)  
where   is the spacing of M23C6 precipitates at the aging time t,    is its initial value, 
   is Ostwald ripening rate of M23C6 precipitates during aging, which is given by the 
following equation: 
         ( 
  
  
)                            (5) 
where     is the Ostwald ripening rate of M23C6 precipitates when the aging 
temperature is high up to infinity,    is the activation energy for Ostwald ripening of 
M23C6 precipitates during aging, R is the gas constant, and T is the aging temperature. 
Based on Equation (5), the following two equations are obtained: 
               
  
  
                                                                                               
 
     
      
 
    
   
 
    
  
 
  
 
                                                        
  Figure 9 shows the Ostwald ripening rate of M23C6 precipitates during aging as a 
function of the reciprocal temperature. It can be seen that     is independent of aging 
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temperature. Therefore,  
    
  
                                                                        
 
     
      
 
  
 
                                                               
  According to the data shown in Figure 9, the value of    is estimated as 356 kJ/mol.  
 
4.4.2 Subgrain coarsening due to aggregation of M23C6 precipitates 
during aging 
  In the present steel, various precipitates including M23C6 precipitates, MX 
precipitates, laves phase exert a pinning force against the migration of subgrain 
boundaries. The contributions to the stabilization of subgrain boundaries from different 
precipitates are different. Since the volume fraction of Laves phase is very low [16], and 
it grows very fast [17-20], the pinning force exerted by Laves phase is negligible as 
compared with that exerted by M23C6 precipitates and MX precipitates. 
  Figure 10 shows the correlation between subgrain size and total spacing of M23C6 and 
MX precipitates during aging. Since subgrain boundaries are pinned by M23C6 and MX 
precipitates during aging in the present steel, subgrain coarsening is controlled by the 
aggregation of M23C6 and MX precipitates. However, the aggregation of M23C6 and MX 
precipitates can not well accord with the subgrain coarsening. Figure 11 shows the 
correlation between subgrain size and spacing of M23C6 precipitates during aging. The 
aggregation of M23C6 precipitates well accords with the subgrain coarsening during 
aging. These results can be explained as follows. Since MX precipitates are distributed 
homogeneously in the matrix, only the MX precipitates distributed along the subgrain 
boundaries can pin the subgrain boundaries. In addition, the size of MX precipitates is 
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small so that the pinning force to the migration of subgrain boundaries is also small. As 
a result, the pinning force due to MX precipitates to migration of subgrain boundaries is 
negligible as compared with that due to M23C6 precipitates. In other words, the subgrain 
boundaries are mainly pinned by the M23C6 precipitates, consequently, the aggregation 
of M23C6 precipitates well accords with the subgrain coarsening during aging.  
  The correlation between subgrain size and spacing of M23C6 precipitates during aging 
is represented by the following equation: 
d=k2λ
2                                          
    (10) 
where d is the subgrain size during aging, k2 is a constant (2.0×10
-3 
nm
-1
 at 700
o
C, 
2.3×10
-3 
nm
-1
 at 600
o
C and 650
o
C), and λ is the spacing of M23C6 precipitates during 
aging. Based on Equations (4) and (10), the correlation of subgrain size with aging time 
can be given by the following equation: 
       
   
                                                                   
where d is the subgrain size at the aging time t, d0 is the subgrain size before aging, k3 is 
the coarsening rate of subgrains. Figure 12 shows the correlation of subgrain coarsening 
with aging time. It can be seen that the coarsening rate of subgrains is determined by 
aging temperature. The coarsening rate of subgrains k3 is given by the following 
equation: 
         ( 
  
  
)                            (12) 
where     is the coarsening rate of subgrains when the aging temperature is high up to 
infinity,    is the activation energy for coarsening of subgrains, R is the gas constant, 
and T is the aging temperature. Based on Equation (12), the following two equations are 
obtained: 
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  Figure 13 shows coarsening rate of subgrains during aging as a function of the 
reciprocal temperature. It can be seen that     is independent of aging temperature. 
Therefore,  
    
  
                                                                         
 
     
      
 
  
 
                                                                
  According to the coarsening rate of subgrains shown in Figure 13, the value of    is 
estimated as 370 kJ/mol, suggesting that the activation energy for coarsening of 
subgrains is same as that for aggregation of M23C6 precipitates during aging.  
 
4.4.3 Hardness drop due to subgrain coarsening during aging 
  It has been pointed out that the subgrains are the major obstacles to the motions of 
dislocations in high Cr ferritic steels, determining the creep strength and hardness of the 
steels. Therefore, the hardness is plotted as a function of the reciprocal subgrain size 
during aging in Figure 14. It can be seen that hardness is linearly correlated to the 
reciprocal subgrain size during aging. Their correlation is given by the following 
equation: 
H=k4/d+B                                (17) 
where H is the hardness, k4 is a constant (=3×10
4
nm), d is the subgrain size, and B is a  
material constant (=141 in Gr.91 steel). Based on Equations (11) and (17), the 
correlation of hardness with aging time can be represented by the following equation: 
 (H-B)
-3/2
=(H0-B)
-3/2
+k5t                          (18) 
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where H is the hardness at the aging time t, H0 is the hardness before aging, and k5 is the 
rate of hardness drop during aging. Figure 15 shows the correlation of hardness with 
aging time. It can be seen that the rate of hardness drop during aging is determined by 
aging temperature. The rate of hardness drop is given by the following equation: 
         ( 
  
  
)                         (19) 
where     is the rate of hardness drop when the aging temperature is high up to infinity, 
   is the activation energy for hardness drop, R is the gas constant, and T is the aging 
temperature. Based on Equation (19), the following two equations are obtained: 
               
  
  
                                                                                                
 
     
      
 
    
   
 
    
  
 
  
 
                                                         
  Figure 16 shows the rate of hardness drop during aging as a function of the reciprocal 
temperature. It can be seen that     is independent of aging temperature. Therefore,  
    
  
                                                                         
 
     
      
 
  
 
                                                                
  According to the data shown drawn in Figure 15, the value of    is estimated as 369 
kJ/mol, indicating that the activation energy for hardness drop is same as those for 
coarsening of subgrains and aggregation of M23C6 precipitates during aging.  
  Figure 17 shows the comparison of the correlations of hardness with the reciprocal 
subgrain size in Gr.91 steel and Gr.92 steel. It can be seen that the hardness is also 
linearly correlated to the reciprocal subgrain size in Gr.92 steel. However, the material 
constant B is 161 in Gr.92 steel, larger than that in Gr.91 steel. The difference may come 
from the precipitation strengthening. The spacing of precipitates is smaller in Gr.92 steel 
77 
 
as compared with that in Gr.91 steel [21]. Therefore, the precipitation strengthening is 
larger in Gr.92 steel than that in Gr.91 steel, resulting in the larger value of the material 
constant B. 
 
4.4.4 Microstructural stability during aging in the time range longer 
than 10
5
h at 600
o
C 
  Gr.91 steel is used at around 600
o
C for longer than 10
5
h in fossil fired power plants. 
It is of engineering importance to understand its microstructural stability in this time 
range. In the present experiment, the sample of Gr.91 steel tested longer than 10
5
h at 
600
o
C is absent due to the time limitation. Fortunately, we can predict what happens to 
such a steel in the time range longer than 10
5
h at 600
o
C using the data obtained at 650
o
C 
in the present paper.  
  Figures 18 and 19 show the spacing of M23C6 precipitates and subgrain size as a 
function of aging time. The data points marked with up triangle symbols are the data 
converted from 650
o
C to 600
o
C based on the equation (3). The solid lines in Figures 
2(a) and 5(a) are also converted from 650
o
C to 600
o
C in Figures 18 and 19. The solid 
lines are then moved upward to make them coincide with the short-term data points 
obtained at 600
o
C, and they are finally changed to the dashed lines. The dashed lines 
represent the data points obtained at 600
o
C very well. This good agreement points out 
that the aggregation of M23C6 precipitates and coarsening of subgrains will take place in 
the time range longer than 10
5
h at 600
o
C.  
 
4.4.5 Effect of Cr concentration on static recovery 
  Figure 20 shows the spacing of MX precipitates during aging at 650
o
C among four 
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heats of high Cr ferritic steels, which are Gr.91 steel, S9 steel, S10 steel and D12 steel. 
The chemical compositions of S9 steel, S10 steel and D12 steel contain 9%Cr-1.8%W, 
10.5%Cr-1.8%W, and 12%Cr-1.8%W (all of them are given by mass percent), 
respectively. The microstructures of S9 steel and S10 steel only consist of tempered 
martensite lath structure, whereas the microstructure of D12 consists of tempered 
martensite lath structure as well as 13% volume fraction of δ-ferrite. The details of these 
steels are given in the literatures [9, 11, 16]. It is obvious that the spacing of MX 
precipitates does not change after long-term aging for Gr.91B and S9 steels with low 
equivalent Cr concentration [22]. The spacing of MX precipitates during aging is kept 
unchanged up to the time of 10
4
h, and then it increases with increasing aging time in 
S10 steel with higher equivalent Cr concentration. The spacing of MX precipitates 
during aging is kept constant up to 3×10
3 
h, and then it significantly increases with 
increasing aging time in D12 steel with containing the highest equivalent Cr 
concentration. These facts point out that the coarsening of MX precipitates may be 
accelerated by the equivalent Cr concentration in the steels. For D12 steel, the 
partitioning of the solute Nb and V alloying elements after normalizing at 1050
o
C into δ 
and γ results in the concentration gradient of alloying elements across the interface 
between δ/γ [24]. This heterogeneous partitioning of alloying elements can accelerate 
the diffusion of V and Nb atoms from δ-ferrite to  -ferrite, resulting in disappearance of 
MX precipitates near the interface between δ/  [24]. 
  Figure 21 shows the spacing of M23C6 precipitates and subgrain size during aging in 
those four heats of high Cr ferritic steels [9, 11, 16]. It can be seen that the spacing of 
M23C6 precipitates is kept unchanged during the incubation period and then begins to 
increase with increasing aging time in all steels. Whereas the time when aggregation of 
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M23C6 precipitates starts becomes slow with deceasing equivalent Cr concentration. 
Aggregation of M23C6 precipitates appears earliest in D12 steel, and latest in Gr.91 steel. 
Corresponding to the onset of aggregation of M23C6 precipitates, the coarsening of 
subgrain takes place in the steels. The coarsening of subgrains is rapidest in D12 steel 
and slowest in Gr.91 steel, indicating that tempered martensite lath structure is most 
thermally stable in Gr.91 steel with the lowest equivalent Cr concentration.  
 
4.5 Conclusions 
  In this chapter, the aggregation of MX precipitates and M23C6 precipitates, coarsening 
of subgrains and hardness drop of Gr.91 steel during aging have been investigated. The 
conclusions are listed as follows: 
  1. Spacing of MX precipitates of Gr.91 steel does not change at all even after aging 
for 10
5
h at 600
o
C, 2×10
4
 at 650
o
C and 4×10
3
h at 700
o
C. Corresponding to the no 
disappearance of MX precipitates, Z-phase is not found in the present steel. 
  2. The spacing of M23C6 precipitates of Gr.91 steel is kept constant up to 10
5
h at 
600
o
C, 5×10
3
h at 650
o
C, and 300h at 700
o
C. Then it increases with increasing aging 
time, indicating that aggregation of M23C6 precipitates takes place. 
  3. The subgrain size of Gr.91 steel is kept constant up to 10
5
h at 600
o
C, 5×10
3
h at 
650
o
C, and 300h at 700
o
C. Then it increases with increasing aging time.  
  4. Coarsening of subgrains in Gr.91 steel is caused by the loss of pinning force from 
M23C6 precipitates. MX precipitates have nothing to do with the coarsening of 
subgrains. 
  5. The hardness of Gr.91 steel is kept constant up to 10
5
h at 600
o
C, 5×10
3
h at 650
o
C, 
and 300h at 700
o
C. Then it decreases with increasing aging time. The hardness drop is 
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caused by the coarsening of subgrains which are the major obstacles to the motions of 
dislocations in the steel. 
  6. The Ostwald ripening of M23C6 precipitates of Gr.91 steel during aging is 
described by the following equation: 
  =  
 +  t 
where   is the spacing of M23C6 precipitates at the aging time t,    is its initial value, 
   is Ostwald ripening rate of M23C6 precipitates during aging.  
  7. The correlation between subgrain size and spacing of M23C6 precipitates during 
aging is represented by the following equation: 
d=k2λ
2
 
where d is the subgrain size during aging, k2 is a constant (2.0×10
-3 
nm
-1
 at 700
o
C, 
2.3×10
-3 
nm
-1
 at 600
o
C and 650
o
C), and λ is the spacing of M23C6 precipitates during 
aging. 
  8. The coarsening of subgrains of Gr.91 steel during aging is represented by the 
following equation: 
 
 
    
 
           
where d is the subgrain size at the aging time t, d0 is the subgrain size before aging, k3 is 
the coarsening rate of subgrains. 
  9. The correlation between hardness and subgrain size is given by the following 
equation: 
H=k4/d+B 
where H is the hardness, k4 is a constant (=3×10
4
nm), d is the subgrain size, and B is a  
material constant (=141 in Gr.91 steel). 
  10. The hardness drop of Gr.91 steel during aging is given by the following equation: 
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(H-B)
-3/2
=(H0-B)
-3/2
+k5t 
where H is the hardness at the aging time t, H0 is the hardness before aging, and k5 is the 
rate of hardness drop during aging. 
  11. It is expected that the aggregation of M23C6 precipitates and coarsening of 
subgrains will take place in the time range longer than 10
5
h at 600
o
C in Gr.91 steel. 
  12. Aggregation of M23C6 precipitates and coarsening of subgrain take place latest in 
Gr.91 steel as compared with other high Cr ferritic steels with higher equivalent Cr 
concentration. Therefore, tempered martensite lath structure is most thermally stable in 
Gr.91 steel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
Reference 
[1] J. Hald, S. Straub. Materials for advanced power engineering, ed. by J. 
Lecomte-Beckers et al., Forschungszentrum Julic GmbH, Julich, 1998, p155 
[2] A. Strang, V. Vodarek. Materials for Advanced Power Engineering, ed. by J. 
Lecomte-Beckers et al., Forschungszentrum Julich GmbH, Julich, 1998, p603 
[3] M. Hattestrand, M. Schwind, H. O. Andren. Materials forAdvanced Power 
Engineering, ed. by J. Lecomte-Beckers et al.,Forschungszentrum Julich GmbH, 
Julich, 1998, p529 
[4] F. Masuyama. Materials for Advanced Power Engineering, ed.  by J. 
Lecomte-Beckers et al., Forschungszentrum Julich GmbH, Julich, 1998, p1807 
[5] H. Ghassemi Armaki. PhD Thesis, Tohoku University, 2008 
[6] R.P. Chen, H. Ghassemi Armaki, K. Yoshimi, K. Maruyama, Y. Minami, M. 
Igarashi. Tetsu-to-Hagane, 2010, vol.96, p564 
[7] H. K. Danielsen, J. Hald. Energy Materials. 2006, vol.1, p49 
[8] K. Maruyama, K. Sawada, J. Koike. ISIJ International. 2001, vol.41, p641 
[9] H. Ghassemi Armaki, K. Maruyama, M. Yoshizawa, M. Iagrashi. Materials Science 
and Engineering A. 2008, vol.490, p66 
[10] H. Oikawa, Y. Iijima. Creep Resistant Steels, ed. by F. Abe, T. U. Kern, R. 
Viswanadan, Woodhead Publishing, Cambridge, UK, 2008, p251 
[11] H. Ghassemi Armaki, R.P. Chen, K. Maruyama, M. Yoshizawa, M. Igarashi. 
Materials Letters, 2009, vol.63, p2423 
[12] Discussion of Heat Resistance Steels group in Maruyama Laboratory of Tohoku 
University 
[13] K. Maruyama, H. Ghassemi Armaki, R. P. Chen, K. Yoshimi, M. Yoshizawa, M. 
83 
 
Igarashi. International Journal of Pressure Vessels and Piping, 2010, vol.87, p276 
[14] H. Ghassemi Armaki, K. Maruyama, M. Yoshizawa, M. Igarashi. Proceeding of 
the 3rd International Conference on Advanced Structural Steels, Korea, 2006, p526 
[15] Y. Minami and A. Tohyama. Proceeding of 5th Workshop on the Ultra-Steel, 
NRIM, 2001, p350 
[16] H. Ghassemi Armaki, R.P. Chen, K. Maruyama, M. Igarashi. Materials Science 
and Engineering A, 2010, vol.527, p6581 
[17] Y. Hosoi, N. Wade, S. Kunimitsu, T. Urita. Journal of Nuclear Materials, 1986, vol. 
141-143, p461 
[18] G. Dimmler, P. Weinert, E. Kozeschnik, H. Cerjak. Materials Characterization, 
2003, vol.51, p341 
[19] Leona Korcakova, John Hald, Marcel A. J. Somers. Materials Characterization, 
2001, vol.47, p111 
[20] D. Rojas, J. Garcia, O. Prat, C. Carrasco, G. Sauthoff, A.R. Kaysser-Pyzalla. 
Materials Science and Engineering A, 2010, vol.527, p3864 
[21] S. Kano. Master Thesis, Tohoku University, 2010 
[22] F.B. Pickering. Microstructural Development and Stability in High Chromium 
Ferritic Power Plant Steels, A. Strang et al., London, UK, 1997, p1 
[23] R. Agamennone, W. Blum, C. Gupta, J. K. Chakravartty. Acta Materialia, 2006, 
vol.54, p3003 
[24] M. Yoshizawa, M. Igarashi. International Journal of Pressure Vessels and Piping, 
2007, vol.84, p37 
 
 
84 
 
Tables and Figures 
 
 
Figure 1. Microstructure of Gr.91 steel after aging for (a) 358h at 700
o
C, (b) 41h, (c) 
22900h at 650
o
C and (d) 31h, (e) 90408h at 600
o
C 
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Figure 2(a) and (b). Spacings of M23C6 and MX precipitates in Gr.91 steel during aging 
(a) 
(b) 
86 
 
10
1
10
2
10
3
10
4
10
5
50
60
70
80
90
100
Gr.91A
Aging time [h]
 
 
 600
o
C
 650
o
C
C
o
n
c
e
n
tr
a
ti
o
n
 o
f 
C
r
 i
n
 M
2
3
C
6
 (
A
to
m
%
)
Figure 3. Cr concentration of M23C6 precipitates in Gr.91 steel during aging 
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Figure 4. Diffusion coefficient of various atoms in  -iron 
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Figure 5(a) and (b). Subgrain size of Gr.91 steel during aging  
(a) 
(b) 
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Figure 6. Hardness of Gr.91 steel during aging 
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Figure 7. Creep rupture life of Gr.91 steel as a function of stress 
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Figure 8. Ostwald ripening of M23C6 precipitates during aging 
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Figure 9. Ostwald ripening rate of M23C6 precipitates during aging as a function of the 
reciprocal temperature 
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Figure 10. Correlation of subgrain size with total spacing of M23C6 and MX precipitates 
during aging 
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Figure 11. Correlation of subgrain size with spacing of M23C6 precipitates during aging 
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Figure 12. Correlation of subgrain size with aging time 
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Figure 13. Coarsening rate of subgrains during aging as a function of  
the reciprocal temperature 
93 
 
50 100 150 200 250 300 350 400
120
140
160
180
200
220
240
260
280
300
Aging
 Gr.91B 675
o
C
 Gr.91B 700
o
C
 
 
 
 H
v
 Reciprocal Subgrain Size 
-1
 (10
-5
nm
-1
)
 Gr.91B 550
o
C
 Gr.91A 600
o
C
 Gr.91A 650
o
C
 Gr.91B 650
o
C
 
Figure 14. Correlation of hardness with the reciprocal subgrain size during aging 
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Figure 15. Correlation of hardness with aging time in Gr.91 steel 
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Figure 16. The rate of hardness drop during aging as a function of 
 the reciprocal temperature 
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Figure 17. Correlations of hardness with the reciprocal subgrain size in Gr.91 steel  
and Gr.92 steel 
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Figure 18. Spacing of M23C6 precipitates in the time range longer than 10
5
h at 600
o
C 
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Figure 19. Subgrain size in the time range longer than 10
5
h at 600
o
C 
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Figure 20. Comparison of spacing of MX precipitates during aging at 650
o
C among the 
steels with different chemical compositions 
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Figure 21. Comparison of spacing of M23C6 precipitates and subgrain size during aging 
at 650
o
C among the steels with different chemical compositions 
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5. Strain-induced recovery during short-term 
creep 
 
  It can be considered that static recovery is a time-dependent process in the steels 
according to the results of Chapter 4. Only when the steels are exposed long enough at a 
elevated temperature, the static recovery takes place. Otherwise, static recovery will not 
take place in the steels. During the creep test, if the creep time is so short that static 
recovery can not take place, we call this type of creep as a short-term creep. If the creep 
time is long enough for static recovery to take place, we call this type of creep as a 
long-term creep. In other words, short-term creep is defined as the creep in which static 
recovery does not take place. Long-term creep is defined as the creep in which static 
recovery take place.  
  Short-term creep and long-term creep can be distinguished by the hardness 
measurement of a grip portion of crept specimens. If the hardness of a grip portion is 
kept constant, the corresponding creep is short-term creep. If the hardness of a grip 
portion decreases, the corresponding creep is long-term creep. 
 
5.1 Objective 
  The short-term creep where breakdown of creep strength does not take place is 
discussed in this chapter. The following questions are studied: 
  1. How do precipitates and subgrains change during short-term creep? 
  2. How to quantify the hardness drop during short-term creep? 
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5.2 Creep properties 
5.2.1 Creep life 
  Figure 1 shows the stress and temperature dependence of creep rupture life of Gr.91 
steel. Since the data of the steel studied are not sufficient in number, they are plotted 
together with the data of another Gr.91 steel (Gr.91C) [1], which exhibits the similar 
creep strength to the steel studied. The creep rupture life is represented by the following 
equation [2-4]: 
tr=t0σ
-n
exp(Qc/RT)                            (1) 
where tr is creep rupture life, t0 is a material constant, σ is the stress, n is the stress 
exponent, Qc is the activation energy for creep rupture life, R is the universal gas 
constant, and T is the temperature. The short-term creep life and the long-term creep life 
are located in region H and Region L, respectively. Each region has an unique stress 
exponent and activation energy [2-5]. The stress exponent and activation energy are 
usually larger in the short-term creep life region than those in long-term creep life 
region.  
 
5.2.2 Creep deformation 
  Figures 2-5 show the creep curves of Gr.91 steel crept at different conditions. All of 
the creep curves show the instantaneous elastic and plastic strain that occurs as the load 
is applied, followed by the plastic strain which occurs over time. Strain increases with 
increasing creep time until rupture. The slope of creep curve is creep rate.  
  Three stages of the creep curve are identified: primary creep, secondary creep (or 
steady state creep) and tertiary creep. Creep resistance increases with increasing strain 
during the primary creep stage leading to a decrease in creep rate. A balance between 
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work hardening and recovery processes is achieved during the secondary creep stage 
resulting in a minimum constant creep rate. Creep rate is accelerated during the tertiary 
creep due to the accumulating creep damages, finally resulting in the creep rupture.  
  The effect of stress and temperature on the creep curves of the Gr.91 steel is shown in 
Figures 3-5. According to these figures, it is evident that the creep strain or creep 
deformation is accelerated by increasing creep stress and temperature.  
  The difference between creep rates at different creep times and the difference 
between creep deformations of the steels crept at different temperatures and stresses 
indicate that microstructure of the steels is subjected to different changes with 
increasing creep time and changing creep conditions. These microstructural changes 
including the aggregation of precipitates and the coarsening of subgrains are discussed 
in the next section. 
 
5.3 Microstructural degradation during short-term 
creep 
5.3.1 Aggregation of precipitates 
5.3.1.1 Aggregation of precipitates for the steels crept at 650
o
C 
  Figure 6 shows the microstructural evolution of Gr.91 steel crept at 650
o
C and 
90MPa which is the short-term creep. It can be seen that the average size and spacing of 
precipitates are small in the interrupted specimens of the steel. However, the average 
size and spacing of precipitates increase in the rupture specimen of the steel, indicating 
that the aggregation of precipitates takes place in the rupture specimen.  
  Figure 7 shows the spacing of precipitates of Gr.91 steel during short-term creep at 
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650
o
C. The data of open symbols are the spacings of precipitates in the interrupted 
specimens which are subjected to a small amount of strain (usually less than 10%). The 
data of solid symbols are the spacings of precipitates in the rupture specimens which are 
subjected to a large amount of strain, see Figure 4. Both of the spacings of MX 
precipitates and M23C6 precipitates of the interrupted specimens are kept constant, 
indicating that a small amount of strain can not cause the aggregation of precipitates 
during short-term creep. The spacing of MX precipitates is still kept constant in the 
rupture specimens due to their high thermal stability, whereas the spacing of M23C6 
precipitates significantly increases in the rupture specimens, indicating that a large 
amount of strain can accelerate the aggregation of M23C6 precipitates even during 
short-term creep.  
  There are two rupture specimens both of which are crept at 650
o
C and 110MPa. Their 
creep lives are almost same, but their strains are different. One rupture specimen has a 
strain of 29%, the other has a strain of 38%. The spacings of M23C6 precipitates of these 
two rupture specimens are marked with black circle symbols in Figure 7. It can be seen 
that their spacings are almost same, indicating that the spacing of M23C6 precipitates 
may arrive at a saturation value when the creep strain is larger than a critical value, say 
10% [6]. In other words, the difference in creep strain of rupture specimens has nothing 
to do with the saturation value of spacing of M23C6 precipitates.  
  Figure 7 also points out that the aggregation of M23C6 precipitates is more severe in 
the rupture specimen crept at a lower stress. The creep life of the rupture specimen 
which is crept at a lower stress is longer, so the diffusion distance of Cr atom in M23C6 
precipitates is longer. On the other hand, as mentioned above the difference in creep 
strain of the rupture specimens has nothing to do with the saturation value of spacing of 
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M23C6 precipitates. Therefore, this longer diffusion distance of atoms in the steel assists 
the aggregation of M23C6 precipitates in the rupture specimens, resulting in the severe 
aggregation of M23C6 precipitates of the rupture specimen crept at a lower stress. 
 
5.3.1.2 Aggregation of precipitates for the steels crept at 550
o
C 
  Figure 8 shows the microstructural evolution of Gr.91 steel crept at 550
o
C and 
200MPa. It is shown that the average size and spacing of precipitates are small in the 
interrupted specimens. As mentioned in section 5.3.1.1, the spacing of precipitates 
increases in the rupture specimen crept at 650
o
C, whereas the spacing of precipitates 
does not change obviously in the rupture specimen crept at 550
o
C. In addition, it can be 
found that some precipitates with a large average size (about 200-300nm) are formed. 
Based on the results of EDX (Energy dispersive X-ray spectroscopy) analysis, this type 
of precipitate is Laves phase.  
  Figure 9 shows the comparison of particle spacing of Gr.91 steel during short-term 
creep at 550
o
C and 650
o
C. The changes of spacings of MX precipitates and M23C6 
precipitates in the steel crept at 550
o
C are similar to the steel crept at 650
o
C. The 
spacing of MX precipitates is kept constant during the short-term creep. The spacing of 
M23C6 precipitates is kept constant just in the interrupted specimens, and it increases in 
the rupture specimens. Based on the results of EDX (Energy dispersive X-ray 
spectroscopy) analysis, it is known that the amount of Laves phase is very small both in 
the interrupted specimens and rupture specimens crept at 650
o
C. However, there are a 
certain amount of Laves phase in the interrupted specimens crept at 550
o
C, and the 
amount of Laves phase significantly increases in the rupture specimen. The spacing of 
Laves phase is almost same as that of M23C6 precipitates in the rupture specimen. These 
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facts indicate that a larger amount of Laves phase exist at 550
o
C than 650
o
C. Figure 10 
shows the calculated phase fraction of high Cr ferritic steels [7]. According to this 
diagram, the amount of Laves phase increases with decreasing temperature. Laves phase 
almost disappears at 650
o
C, and a certain amount of Laves exist at 550
o
C [7-10]. On the 
other hand, the fact that the amount of Laves phase is larger in rupture specimen than 
that in interrupted specimens suggests that precipitation of Laves phase may be 
accelerated by a large amount of strain or diffusion distance of atoms. Let us examine 
which one is responsible for the precipitation of Laves phase. 
  Figure 11 shows the comparison of spacings of Laves phase of Gr.91 steel aged and 
crept at 550
o
C. It can be seen that spacing of Laves phase decreases after aging for 
4058h, this may be because the volume fraction of Laves phase increases due to 
diffusion of atoms. On the other hand, the spacing of Laves phase is smaller in the 
rupture specimen crept for 4058h than that after aging for 4058h, this may be because 
the volume fraction of Laves phase further increases due to a large amount of strain. 
 
5.3.2 Coarsening of subgrains 
  Figures 12 and 13 show the subgrain size of Gr.91 steel crept at different 
temperatures and stresses. It can be seen that the subgrain size increases with increasing 
creep time in all the steels and it significantly increases in the rupture specimens. It has 
been pointed out that subgrain size arrives at a saturation value when the strain is larger 
than a critical value, say 10% [6]. Figure 12 shows the subgrain sizes of the steels crept 
at the same temperature but different stresses. The subgrain size increases faster in the 
steel crept at 650
o
C and 110MPa than that crept at 650
o
C and 90MPa, indicating that the 
coarsening of subgrains can be accelerated by the higher stress. Figure 13 shows the 
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subgrain sizes of the steels crept at the same stress but different temperatures. The 
subgrain size increases faster in the steel crept at 650
o
C and 90MPa than that crept at 
625
o
C and 90MPa, indicating that the coarsening of subgrains can also be accelerated 
by the higher temperature. In addition, the amount of increase in subgrain size in the 
rupture specimens is dependent on creep conditions. 
  It is already known that the coarsening of subgrains is only controlled by the M23C6 
precipitates during static aging. Aggregation of M23C6 precipitates causes the loss of 
pinning force against the migration of subgrain boundaries, resulting in the coarsening 
of subgrains. However, this is not the case for short-term creep.  
  Figure 14 shows the correlation between spacing of M23C6 precipitates and subgrain 
size during short-term creep. The coarsening of subgrains in the interrupted spceimens 
takes place, although the aggregation of M23C6 precipitates does not take place. This fact 
indicates that M23C6 precipitates have nothing to do with the coarsening of subgrains in 
the interrupted specimens. The coarsening of subgrains in the interrupted specimens is 
caused only by the strain. We call this type of the recovery as strain-induced recovery. 
In other words, strain-induced recovery is defined as the recovery only caused by strain 
accompanied by no aggregation of precipitates in the steels.  
  As compared with that in the interrupted specimens, the coarsening of subgrains is 
much more significant in the rupture specimens. As found in section 5.3.1, the 
aggregation of M23C6 precipitates takes place in the rupture specimens, resulting in the 
loss of pinning force against the migration of subgrain boundaries. The coarsening of 
subgrains is caused only by strain in the interrupted specimens, whereas the coarsening 
of subgrains in the rupture specimens is caused by the aggregation of M23C6 precipitates 
as well as strain. Therefore, the coarsening of subgrains is much more significant in the 
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rupture specimens.  
 
5.4 Hardness drop during short-term creep 
  Figure 15 shows the hardness of Gr.91 steel during short-term creep. As mention in 
Chapter 1, the hardness is kept constant during the short-term aging where static 
recovery does not take place. However, the hardness decreases during the short-term 
creep where static recovery also does not take place. This hardness drop is caused by the 
strain-induced recovery of subgrains during short-term creep. The hardness decreases 
with increasing creep time since the subgrain size increases with increasing creep time. 
The coarsening of subgrains can also be accelerated by the higher temperature and 
stress, so the rate of hardness drop is larger in the specimens crept at the higher 
temperature and stress. In addition, the hardness decreases a lot in the rupture specimens 
because the subgrain size significantly increases in the rupture specimens. The 
saturation subgrain size is fine in the rupture specimen crept at 550
o
C and 200MPa, and 
coarse in the rupture specimens crept at 650
o
C and 90MPa, 625
o
C and 90MPa, so the 
hardness drop is also small in the rupture specimen crept at 550
o
C and 200MPa, and 
large in the rupture specimens crept at 650
o
C and 90MPa, 625
o
C and 90MPa. All these 
facts point out that the hardness of the steels is strongly dependent on the subgrain size, 
indicating that the subgrains strengthening plays a very important role in determining 
the creep strength of the steels. 
 
5.5 Discussion 
5.5.1 Correlation between subgrain coarsening and strain during the 
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interrupted short-term creep 
  As mentioned in Section 5.3, the coarsening of subgrains is only caused by the strain 
during the interrupted short-term creep, and subgrain size increases with increasing 
strain. Figure 16 shows the correlation between subgrain size and strain of Gr.91 steel 
during the interrupted short-term creep. It can be seen that the increase in subgrain size 
is linearly correlated to the strain, and it is independent of the creep temperature and 
stress. The correlation between increase in subgrain size and strain during the 
interrupted short-term creep is represented by the following equation: 
 d-d0=k6ε                                (2) 
where d and d0 are the subgrain sizes during the interrupted short-term creep and before 
creep test, respectively, k6 is the coarsening rate of subgrains, and ε is the strain.  
  Figures 17 [11] and 18 [6] also show the correlation between the increase in subgrain 
size and strain of other heats of Gr.91 steel during the interrupted short-term creep. Both 
of the figures also point out that the increase in subgrain size is linearly correlated to the 
strain during the interrupted short-term creep. The coarsening rate of subgrains in these 
two figures are 5500nm and 4900nm, respectively. Considering the experimental errors, 
it can be regarded that both of the coarsening rate of subgrains are almost same as that 
of the steel studied. 
 
5.5.2 Correlation between hardness drop and strain during the 
interrupted short-term creep  
  As mentioned in Chapter 4, the hardness is linearly correlated to the reciprocal 
subgrain size during aging. The same correlation holds in the short-term creep. Figure 
19 shows the correlation between hardness and the reciprocal subgrain size of Gr.91 
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steel during short-term creep. The correlation is represented by the following equation: 
H=k4/d+B                                 (3) 
where H is the hardness during short-term creep, k4 is a constant (=3×10
4
nm), d is the 
subgrain size during the short-term creep, and B is a material constant (=141 in Gr.91 
steel). On the other hand, the increases in subgrain size is linearly correlated to the 
strain during the interrupted short-term creep as shown in Equation (2). Based on 
Equations (2) and (3), the correlation between hardness and strain during the interrupted 
short-term creep is given by the following equation: 
(H0-H)/[(H-B)(H0-B)]=k6ε/k4                      (4) 
where H0 and H are the hardness before creep test and during the interrupted short-term 
creep, respectively, k4 and k6 are constants (k4=3×10
4
nm, k6=3×10
3
nm), B is a material 
constant (=141 in Gr.91 steel). Figure 20 shows the correlation between hardness of 
Gr.91 steel and strain during the interrupted short-term creep. The data points plotted in 
the figure have a good agreement with Equation (4). 
  As mentioned above, only strain-induced recovery takes place during the interrupted 
short-term creep. Therefore, the hardness drop during the interrupted short-term creep is 
only caused by the strain-induced recovery. This hardness drop can be evaluated based 
on Equation (4).  
 
5.5.3 Assessment of strengthening mechanisms of high Cr ferritic steels 
during creep 
  High Cr ferritic steels are strengthened by solution strengthening, precipitation 
strengthening and subgrain strengthening [6, 12]. It has been widely accepted that 
precipitation strengthening and subgrain strengthening are very important strengthening 
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mechanisms for the steels. However, which one is most effective for the creep strength 
of high Cr ferritic steels is still under discussion [6, 12-17]. In Section 1.2, an 
assessment of precipitation and subgrain strengthening mechanisms of high Cr ferritic 
steels has been carried out based on the data reported in the literatures [18-24], and it 
points out that subgrain strengthening is most effective for the creep strength of high Cr 
ferritic steels. In this study, we assess the mechanisms of precipitation strengthening and 
subgrain strengthening based on the data of the specimens crept at 550
o
C and 200MPa. 
As shown in Figure 21, the total spacing of precipitates does not change during the 
creep, whereas the subgrain size increases with increasing creep time, indicating that the 
Orowan stress of the precipitates is kept constant and the yield stress due to subgrain 
structures decreases. If the precipitates are the major obstacles to the motion of 
dislocations, since the spacing of precipitates does not change during the creep, the 
hardness will not decrease. However, the fact is that the hardness decreases during the 
creep, suggesting that precipitates are not the major obstacles to the motion of 
dislocations in the steel. On the other hand, it can be known that increase in subgrain 
size during the creep well accords with the decrease in hardness. In addition, it also can 
be seen that when the subgrain size is kept constant during the aging, the hardness is 
also kept constant. These facts point out that subgrains are the major obstacles to the 
motion of dislocations in the steel. Therefore, the hardness and the creep strength of the 
steel are determined by subgrains.  
  The Orowan stress due to precipitates in the steels is given by the following equation: 
σor=0.8MGb/λ                                           (5) 
where M is the Taylor factor (=3), G is the shear modulus (66 GPa at 550°C), b is the 
length of Burgers vector (=0.25 nm), and λ is the spacing of precipitates. The total 
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spacing of all the precipitates (including M23C6 precipitates, MX precipitates and Laves 
phase) during creep at 550
o
C at 200MPa is 221nm, so the corresponding Orowan stress 
is 179MPa.  
  The athermal yield stress σa due to subgrains in the steels is given by the following 
equation: 
σsg=10Gb/d                                     (6) 
where d is the subgrain size. The subgrain size of the steel crept at 550
o
C and 200MPa 
is in the range of 355-558nm. Therefore, the yield stress due to subgrains is in the range 
of 296MPa-465MPa. According to this assessment, it is obvious that subgrains give a 
larger yield stress than precipitates, indicating that subgrains are the major obstacles to 
the motion of dislocations in the steels. Therefore, subgrain strengthening is more 
effective than precipitation strengthening in high Cr ferritic steels. 
 
5.6 Conclusions    
  In this chapter, the aggregation of precipitates, coarsening of subgrains and hardness 
drop of Gr.91 steel during short-term creep have been investigated. The conclusions are 
listed as follows: 
  1. Both of the spacings of MX precipitates and M23C6 precipitates of the interrupted 
specimens are kept constant, indicating that a small amount of strain can not assist the 
aggregation of precipitates during short-term creep.  
  2. The spacing of MX precipitates is still kept constant in the rupture specimens due 
to their high thermal stability, whereas the spacing of M23C6 precipitates significantly 
increases in the rupture specimens, indicating that a large amount of strain can 
accelerate the aggregation of M23C6 precipitates during short-term creep. 
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  3. There are a certain amount of Laves phase in the interrupted specimens crept at 
550
o
C and 200MPa, and the amount of Laves phase significantly increases in the 
rupture specimen. 
  4. The subgrain size increases with increasing creep time in all the steels and it 
significantly increases in the rupture specimens. The coarsening of subgrains in the 
interrupted specimens is only caused by the strain. The coarsening of subgrains in the 
rupture specimens is caused by the aggregation of M23C6 precipitates as well as strain. 
  5. The correlation between increase in subgrain size and strain during the interrupted 
short-term creep is represented by the following equation: 
d-d0=k6ε 
where d and d0 are the subgrain sizes during the interrupted short-term creep and before 
creep test, respectively, k6 is the coarsening rate of subgrains, and ε is the strain. 
  6. The hardness decreases with increasing creep time during the interrupted 
short-term creep due to the strain-induced recovery. The correlation between hardness 
and strain during the interrupted short-term creep is given by the following equation: 
(H0-H)/[(H-B)(H0-B)]=k6ε/k4 
where H0 and H are the hardness before creep test and during the interrupted short-term 
creep, respectively, k4 and k6 are constants (k4=3×10
4
nm, k6=3×10
3
nm), B is a material 
constant (=141 in Gr.91 steel). 
  7. The hardness decreases a lot in the rupture specimens because the significant 
coarsening of subgrains caused by strain as well as the aggregation of M23C6 
precipitates. 
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Figure 1. Creep life of Gr.91 steel as a function of stress at different temperatures 
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Figure 2. Creep curve of the Gr.91 steel crept at 550
o
C and 200MPa 
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Figure 3. Comparison of creep curves of Gr.91 steel crept at different stresses and the 
same temperature 
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Figure 4. Comparison of creep curves of Gr.91 steel crept at different stresses and the 
same temperature 
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Figure 5. Comparison of creep curves of Gr.91 steel crept at the same stress  
and different temperatures 
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Figure 6. Microstructure of Gr.91 steel crept for (a) 198h, (b) 558h and (c) 929.7h at 
650
o
C 90MPa. (a) and (b) show the microstructure of interrupted specimens, and (c) 
shows the microstructure of rupture specimen. 
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Figure 7. Spacing of precipitates of Gr.91 steel during short-term creep at 650
o
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Figure 8. Microstructure of Gr.91 steel crept for (a) 477h, (b) 2736h and (c) 4058h at 
550
o
C 200MPa. (a) and (b) show the microstructure of interrupted specimens, (c) shows 
the microstructure of rupture specimen. 
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Figure 9. Comparison of spacing of precipitates of Gr.91 steel during short-term creep 
 at 550
o
C and 650
o
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Figure 10. Calculated phase fraction diagram of high Cr ferritic steels 
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Figure 11. Spacings of laves phase of Gr.91 steel aged and crept at 550
o
C  
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Figure 12. Subgrain size of Gr.91 steel during short-term creep at 650
o
C and 550
o
C  
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Figure 13. Comparison of subgrain size of Gr.91 steel crept at different temperatures 
and the same stress 
123 
 
300 400 500 600 700 800 900 1000
300
400
500
600
700
800
900
1000
Open: Interrupted
Solid: Rupture
 Gr.91B 550
o
C 200MPa
 Gr.91B 625
o
C 90MPa
 Gr.91B 625
o
C 115MPa 
 Gr.91B 650
o
C 90MPa
 Gr.91B 650
o
C 110MPa
 
 
                Aging
 Gr.91A 550
o
C 
 Gr.91A 600
o
C 
 Gr.91A 650
o
C 
 Gr.91B 650
o
C 
S
u
b
g
ra
in
 s
iz
e 
[n
m
]
Spcaing of M
23
C
6
 [nm]
 
Figure 14. Correlation between subgrain size and spacing of M23C6 precipitates during 
short-term creep 
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Figure 15. Hardness drop during short-term creep  
124 
 
0.00 0.05 0.10
0
50
100
150
200
250
300
350
400
 
 
            Gr.91B
 550
o
C 200MPa
 625
o
C 90MPa
 625
o
C 115MPa
 650
o
C 90MPa
 650
o
C 110MPa
S
u
b
g
r
a
in
 c
o
a
r
se
n
in
g
, 
d
-d
0
 ,
 [
n
m
]
Strain
 
Figure 16. Correlation between subgrain size and strain of Gr.91 steel during the 
interrupted short-term creep 
 
Figure 17. Subgrain size as a function of creep strain of Mod.9Cr-1Mo Steel 
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Figure 18. Correlation between subgrain size and strain of high Cr ferritic steels during 
the interrupted short-term creep 
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Figure 19. Correlation between hardness and the reciprocal subgrain size of Gr.91 steel 
during short-term creep 
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Figure 20. Correlation of hardness with strain of Gr.91 steel during the interrupted 
short-term creep 
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Figure 21. Spacing of precipitates, hardness and subgrain size of Gr.91 steel during 
aging and creep 
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6. Breakdown of creep strength during long-term 
creep 
 
6.1 Objective 
  The static recovery during aging and the strain-induced recovery during short-term 
creep have been discussed in Chapters 4 and 5, respectively. Both of them take place at 
the same time during the long-term creep where breakdown of creep strength is found. 
In this chapter, the long-term creep behavior is discussed. The following questions are 
clarified: 
  1. How do precipitates and subgrains change during the long-term creep? 
  2. How large are the contributions of static recovery and strain-induced recovery to 
the breakdown of creep strength during the long-term creep? 
  3. What is the cause of breakdown of creep strength? 
 
6.2 Microstructural degradation during long-term 
creep 
6.2.1 Aggregation of precipitates 
  Figure 1 shows the microstructure of Gr.91 steel crept for (a) 358h, (b) 700h, (c) 
1050h and (d) 4418.2h at 700
o
C and 40MPa. (a), (b) and (c) show the microstructure of 
interrupted specimens, and (d) shows the microstructure of rupture specimen. It can be 
seen that the average size and the spacing of precipitates are small at the beginning. 
Then they increase with increasing creep time, and they significantly increase in the 
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rupture specimen, indicating that the aggregation of precipitates takes place during the 
long-term creep and the aggregation of precipitates is most severe in the rupture 
specimen.   
  It has been pointed out that it is difficult for Laves phase to exist at 700
o
C [1-4]. 
Corresponding to it, Laves phase is hardly found in the steel crept at 700
o
C based on the 
results of EDX (Energy dispersive X-ray spectroscopy) analysis. In addition, as 
mentioned in Chapters 4 and 5, no Z-phase has been formed during the long-term aging 
and short-term creep in the present study. However, a certain amount of Z-phase are 
found in the specimens long-term crept for 700h, 1050h and 4418.2h at 700
o
C and 
40MPa. The formation of Z-phase during long-term creep has also been reported in 
other literatures [5-8]. 
  Figure 2 shows the evolution of spacing of precipitates in Gr.91 steel crept at 700
o
C 
and 40MPa. It can be known that although a certain amount of Z-phase is found in the 
crept specimens, most of the precipitates in the steel are still MX and M23C6 precipitates. 
Therefore, MX and M23C6 precipitates are focused on. 
  Spacings of MX and M23C6 precipitates of Gr.91 steel during long-term creep are 
shown in Figure 3. Both spacings of MX and M23C6 precipitates increase with 
increasing time during long-term creep and then significantly increase in the rupture 
specimen. As mentioned above, a certain amount of Z-phase are found in the specimens 
crept at 700
o
C and 40MPa, since the formation of Z-phase consumes MX precipitates, it 
can cause the aggregation of MX during long-term creep. However, it is found that the 
amount of Z-phase is almost same after creep for 700h and 1050h, but the spacing of 
MX precipitates is larger after creep for 1050h, suggesting that strain can also assist the 
aggregation of MX precipitates during long-term creep even MX is very thermally 
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stable. As compared with that during aging, the spacing of M23C6 precipitates is larger 
during the long-term creep, suggesting that strain can also accelerate the aggregation of 
M23C6 precipitate.  
Like the steel crept at 700
o
C and 40MPa, both spacings of MX precipitates and 
M23C6 precipitates increase with increasing creep time during long-term creep at 700
o
C 
and 50MPa, and the spacings of MX precipitates and M23C6 precipitates are larger than 
those during aging. However, the aggregation rate of precipitates is larger in the 
interrupted specimens crept at 700
o
C and 50MPa than that crept at 700
o
C and 40MPa, 
indicating that the aggregation rate of precipitates during long-term creep is larger when 
the strain is larger. 
 
6.2.2 Coarsening of subgrains 
  Figure 1 shows the evolution of microstructure of Gr.91 steel during long-term creep. 
It can be seen that the subgrain size is fine at the beginning and then it increases with 
increasing creep time, and finally it significantly increases in the rupture specimen, 
indicating that the coarsening of subgrains takes place during the long-term creep.  
  Figure 4 shows the subgrain size of Gr.91 steel aged at 700
o
C, crept at 700
o
C and 
40MPa, and at 700
o
C and 50MPa. It can be seen that the subgrain size is kept constant 
up to 300h during aging because the spacing of M23C6 precipitates does not change, and 
then the subgrain size increases with increasing aging time because of the aggregation 
of M23C6 precipitates during aging. Both of the subgrain sizes of the steels crept at 
40MPa and 50MPa at 700
o
C increase with increasing creep time, and then significantly 
increase in the rupture specimens. As compared with that during aging, the subgrain 
sizes are larger during the long-term creep. It is because the coarsening of subgrains 
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during the long-term creep is not only caused by the aggregation of M23C6 precipitates 
due to static aging, but also by the strain and the aggregation of M23C6 precipitates 
assisted by the strain. The subgrain coarsening caused by the aggregation of M23C6 
precipitates due to static aging is defined as pure static recovery and the subgrain 
coarsening due to the aggregation of M23C6 precipitates assisted by the strain is defined 
as strain-assisted static recovery in this study. The significant coarsening of subgrains in 
the rupture specimens is caused by a large amount of strain and the significant 
aggregation of M23C6 precipitates in the specimens. In addition, it can be known that the 
coarsening of subgrains is more severe in the interrupted specimens crept at 50MPa than 
that in the interrupted specimens crept at 40MPa, because the strain is larger and 
aggregation of M23C6 precipitates is more severe in the interrupted specimens crept at 
50MPa.  
 
6.3 Hardness drop during long-term creep  
  Figure 5 shows the hardness of Gr.91 steel aged at 700
o
C, crept at 700
o
C and 40MPa, 
and at 700
o
C and 50MPa. It can be seen that the hardness is kept constant up to 300h 
during aging because of the constant subgrain size in that time range. And then the 
hardness decreases with increasing aging time because the coarsening of subgrains takes 
place due to the aggregation of M23C6 precipitates during aging. Both of the hardnesses 
of the steels crept at 40MPa and 50MPa at 700
o
C decrease with increasing creep time 
due to the coarsening of subgrains in the steels. The hardness drops a lot in the rupture 
specimens due to the significant coarsening of subgrains. The hardness during the 
long-term creep is lower than that during aging. It is because the hardness drop during 
the long-term creep is not only caused by the subgrain coarsening due to the 
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aggregation of M23C6 precipitates during static aging, but also by the subgrain 
coarsening due to the strain and the aggregation of M23C6 precipitates assisted by the 
strain. In addition, the hardness drop is more severe in the interrupted specimens crept 
at 50MPa than that crept at 40MPa, because coarsening of subgrains is more severe in 
the interrupted specimens crept at 50MPa. The hardness is lower in the rupture 
specimen creep at 40MPa than that crept at 50MPa, because the subgrain size is larger 
in the rupture specimen crept at 40MPa. 
 
6.4 Discussion 
6.4.1 The mechanisms for the aggregation of precipitates assisted by 
strain 
Stain does not cause the aggregation of precipitates during the short-term creep, 
whereas strain causes the aggregation of precipitates. Several possible mechanisms have 
been proposed for the aggregation of precipitates assisted by strain. 
Firstly, the chemical potential of solute atoms in the matrix is higher at boundaries 
parallel to the stress axis than those perpendicular boundaries. This results in a diffusion 
flux of matrix atoms from parallel to perpendicular boundaries [9-10]. This chemical 
potential can supply a driving force for short range diffusion along subgrain boundaries 
over effective diffusion distances of the order of the mean subgrain size. However, if 
diffusion flow of atom is small in short-term creep, the contribution of this mechanism 
may be small.  
Secondly, the motion of dislocations with solute atmosphere enhances the precipitate 
coarsening during creep, in other words, the scavenging effect of dislocations [11]. 
Since high Cr ferritic steels usually contain solutes with a relatively large size misfit, a 
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solute atmosphere is formed around a dislocation due to the elastic interaction. When 
such a dislocation encounters a growing precipitate, solute flow is expected to occur 
from the atmosphere to the growing precipitate along the dislocation core because the 
ratio of pipe diffusion coefficient to lattice diffusion coefficient is about 10
3
 to 10
4
 under 
the usual creep condition. This means that once solutes are collected around a moving 
dislocation, they promote the coarsening of precipitates. The effective diffusion 
coefficient due to pipe diffusion is given by the following equations: 
PPLeff D)b/LC(D)/CL(DD  0
2 24                            (1) 
where DL is the lattice diffusion coefficient, L is the effective diameter of the relevant 
solute atmosphere [12, 13], C  is the solute concentration in a solute atmosphere, ρ is 
the dislocation density, DP is the pipe diffusion coefficient, C0 is the average solute 
concentration in matrix, ε is the strain and b is the Burgers Vector. The second and third 
parts of the equation are the increment of solute diffusion coefficient due to the presence 
of stationary dislocations and moving dislocations (scavenging effect), respectively. The 
magnitude of (2LC0ε/b)Dp becomes comparable to DL when dislocations are moving 
with solute atmospheres. As the equation shows, the effective diffusion coefficient 
during creep is expected to change linearly with creep strain. Therefore, the diffusion of 
solute atoms in the atmosphere of motion dislocations increases with increasing creep 
strain. However, the diffusion distance of these atoms may be small in short-term creep, 
so it can not assist the aggregation of precipitates during short-term creep.  
Thirdly, precipitates come in contact with additional pipe diffusion paths at the 
beginning of creep and then precipitates pin dislocations at their knitting points with 
subgrain boundaries. These dislocations then remain sessile during the long-term creep 
and provide additional pipe diffusion paths from the matrix to precipitates, resulting in 
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the aggregation of precipitates. During the short-term creep, dislocations may pass 
through the knitting points due to high stress and there is no insufficient time for pipe 
diffusion of atoms.   
   
6.4.2 Correlation between aggregation of M23C6 precipitates during 
long-term creep and aggregation of M23C6 precipitates due to pure 
static aging 
  Figure 6 shows the correlation between aggregation of M23C6 precipitates during 
long-term creep and that during pure static aging. It can be seen that the aggregation of 
M23C6 precipitates during long-term creep is linearly correlated to that during pure static 
recovery. Their correlation is given by the following equation: 
λCreep=k7λAging-(k7-1)λ0                                    (2) 
where λCreep and λAging are the spacing of M23C6 precipitates at the creep time t and at the 
aging time t, respectively, λ0 is the spacing of M23C6 precipitates before creep, and k7 is 
the constant under a certain creep condition. According to Figure 6, k7 is measured as 
2.8 under the creep condition of 700
o
C and 40MPa, and measured as 5.3 under the creep 
condition of 700
o
C and 50MPa, indicating that k7 increases with increasing creep stress. 
The quantified correlation between k7 and creep stress is not clear right now due to 
limitation of long-term creep data, it should be studied more in future.  
  As mentioned in Chapter 4, the spacing of M23C6 precipitates at the aging time t is 
given by the following equation: 
      
 =  
 ＋                                (3) 
where k1 is a constant. Based on Equations (2) and (3), the following equation is 
obtained: 
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 ＋    
                             (4) 
 
6.4.3 Correlation between aggregation of M23C6 precipitates and 
coarsening of subgrains during long-term creep 
  Figure 7 shows the correlation between spacing of M23C6 precipitates and subgrain 
size during long-term creep. As mentioned in Chapter 4, the coarsening of subgrains 
during aging is only caused by the aggregation of M23C6 precipitates due to static aging,  
and their correlation is represented by the dotted line in the figure. However, the 
correlation between spacing of M23C6 precipitates and subgrain size during long-term 
creep deviates from the dotted line. It is because the coarsening of subgrains during the 
long-term creep is not only caused by the aggregation of M23C6 precipitates due to static 
aging, but also by the strain and the aggregation of M23C6 precipitates assisted by strain. 
Therefore, the subgrain size during long-term creep moves up as compared with that 
during aging. In addition, although the coarsening of subgrains in the rupture specimen 
during long-term creep is actually also caused by the aggregation of M23C6 precipitates 
due to static aging, strain, and the aggregation of M23C6 precipitates assisted by strain, 
the subgrain size of the rupture specimen almost locates at the dotted line, indicating 
that the coarsening of subgrains caused by strain is almost negligible as compared with 
that due to the aggregation of M23C6 precipitates in the long-term rupture specimen.  
 
6.4.4 Contributions of static recovery and strain-induced recovery to 
the coarsening of subgrains during long-term creep 
  Based on the discussion above, it can be known that there are at least three types of 
recovery process for high Cr ferritic steels during long-term creep. The first is the 
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strain-induced recovery without the aggregation of precipitates. The second is the static 
recovery due to the aggregation of precipitates during static aging, namely pure static 
recovery. The third is the static recovery due to the aggregation of precipitates assisted 
by strain, namely strain-assisted static recovery. The contributions of strain-induced 
recovery and static recovery to the subgrain coarsening have been evaluated separately 
in Chapters 4 and 5. In this part, the question whether contributions of strain-induced 
recovery and static recovery including pure static recovery and strain-assisted static 
recovery to the subgrain coarsening during long-term creep are additive is firstly 
studied. 
  As mentioned in Chapter 5, the subgrain coarsening due to strain-induced recovery 
during interrupted creep is given by the following equation: 
Δd1 =k6ε                                (5a) 
where Δd1 is the subgrain coarsening due to strain-induced recovery, k6 is the coarsening 
rate of subgrains (=3000nm), and ε is the strain. In addition, since subgrain size arrives 
at a saturation value when strain is larger than 10% and the strain of rupture specimens 
is always larger than 10%, the subgrain coarsening in rupture specimen Δd 1
* 
is given 
by: 
Δd 1
*
=0.1×k6                                (5b) 
  As mentioned in Chapter 4, the particle spacing dependence of subgrain size is 
represented by the following equation: 
d=k2λ
2                                          
    (6) 
where d is the particle spacing dependence of subgrain size, k2 is a constant (2.0×10
-3 
nm
-1
 at 700
o
C, 2.3×10
-3 
nm
-1
 at 600
o
C and 650
o
C), and λ is the spacing of M23C6 
precipitates. In addition, the spacing of M23C6 precipitates at the aging time t is 
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described by the following equation: 
  =  
 +  t                               (7) 
where   is the spacing of M23C6 precipitates at the aging time t,    is its initial value 
(450nm at 700
o
C), and    is Ostwald ripening rate of M23C6 precipitates during aging 
(12271nm
3
h
-1
 at 700
o
C). Based on Equations (6) and (7), the subgrain coarsening due to 
pure static recovery is given by the following equation: 
Δ        
      
        
                      (8) 
where Δ   is the subgrain coarsening due to pure static recovery.  
  The subgrain coarsening due to strain-assisted static recovery during interrupted 
creep is given by the following equation: 
Δ           
       
      
                    (9) 
where Δ   is the subgrain coarsening due to strain-assisted static recovery,        is 
the spacing of M23C6 precipitates during creep, and t is the creep time. Based on 
Equations (4) and (9), the following equation is obtained: 
            
 ＋    
             
       
      
                    
Obviously, the coarsening of subgrains due to strain-assisted static recovery is the 
function of creep time and strain. 
Figures 8(a), 8(b) and 9 show the contributions of three types of recovery process to 
the subgrain coarsening of Gr.91 steel crept at 700
o
C and 40MPa, and 700
o
C and 
50MPa, respectively. Figure 8(a) is the enlarged portion of Figure 8(b). The data points 
marked with circle +center, diamond +center, and triangle +center symbols are the 
calculated values based on Equations (5)-(10). The data marked with open and solid 
diamond symbols in Figures 8(a), 8(b) and 9 are the experimental results. It can be seen 
that the calculated data points well accords with the experimental results in both figures, 
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suggesting that the contributions of strain-induced recovery and static recovery to the 
subgrain coarsening during the long-term creep are additive. According to these figures, 
the contribution of static recovery to the subgrain coarsening increases with increasing 
creep time. The contribution of static recovery to the subgrain coarsening is larger than 
that due to strain-induce recovery after creep for 600h at 700
o
C and 40MPa, which is 
14% of creep life. And the contribution of static recovery to the subgrain coarsening is 
larger than that due to strain-induce recovery after creep for 600h at 700
o
C and 50MPa, 
which is 55% of creep life. These facts suggest that not only strain-induced recovery but 
also static recovery is responsible for the coarsening of subgrains during long-term 
creep, and the contribution of static recovery to the coarsening of subgrains is 
significant. 
  It should be noted that the spacing of M23C6 precipitates        of rupture specimens 
is not calculated based on Equation (4). The correlation between the spacing of M23C6 
precipitates of rupture specimens and creep condition is not clear right now, so the 
spacing of M23C6 precipitates of rupture specimens is used the experimental results and 
the subgrain coarsening of rupture specimens in Figure 8(b) is calculated based on 
Equation (9). 
 
6.4.5 Contributions of static recovery and strain-induced recovery to 
the hardness drop during long-term creep 
  Figure 10 shows the correlation between hardness and the reciprocal subgrain size 
during long-term creep together with the results obtained by aging and short-term creep. 
It can be seen that their correlation is also represented by the following equation: 
H=k4/d+B                                (11) 
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where H is the hardness, k4 is a constant (=3×10
4
nm), d is the subgrain size, and B is a  
material constant (=141 in Gr.91 steel). Based on Equations (5a)-(7) and (11), the 
hardness drop due to strain-induced recovery during long-term creep is given by the 
following equation: 
                                                                 
                                                                   (12) 
 
where ΔH1 is the hardness drop due to strain-induced recovery, and dAging is the subgrain 
size at the aging time t. Based on Equations (6), (7) and (11), the hardness drop due to 
pure static recovery is given by the following equation: 
 
                                                       (13)                
where ΔH2 is the hardness drop due to pure static recovery, and d0 is the subgrain size 
before creep. Based on Equations (5)-(7), (10) and (11), the hardness drop due to 
strain-assisted static recovery is given by the following equation: 
 
                                                         (14) 
 
Figures 11 and 12 show the contribution of three types of recovery process to the 
hardness drop of Gr.91 steel crept at 700
o
C and 40MPa, and 700
o
C and 50MPa, 
respectively. The data points marked with circle +center, diamond +center, and triangle 
+center symbols are the calculated values based on Equations (12)-(14). The data 
marked with open and solid diamond symbols are the experimental results. It can be 
seen that the calculated data points well accords with the experimental results in both 
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figures. Like the contribution of static recovery to the coarsening of subgrains during 
long-term creep, the contribution of static recovery to hardness drop is small at the 
beginning, and then it increases with increasing creep time. The contribution of static 
recovery to the hardness drop is larger than that due to strain-induce recovery after 
creep for 600h at 700
o
C and 40MPa, which is 14% of creep life. And the contribution of 
static recovery to the hardness drop is larger than that due to strain-induce recovery after 
creep for 600h at 700
o
C and 50MPa, which is 55% of creep life. These facts suggest that 
not only strain-induced recovery but also static recovery is responsible for the hardness 
drop during long-term creep, and the contribution of static recovery to the hardness drop 
is significant. 
 
6.4.6 Cause of breakdown of creep strength during long-term creep 
  Figure 13 explains the breakdown of creep strength of high Cr ferritic steels due to 
static recovery during long-term creep. Figure 13 (a) shows the subgrain coarsening due 
to static recovery. As mentioned in Chapter 4, the strain has nothing to do with static 
recovery. It is time-dependent and becomes evident after an incubation time tc. Figure 
13 (b) shows the subgrain coarsening due to strain-induced recovery which is controlled 
by strain and independent of time. The increase in subgrain size dλ/dt due to 
strain-induced recovery is linearly correlated to the strain and inversely proportional to 
creep rupture life [15, 16]. The correlation between creep rupture life and stress can be 
represented by the Line AC in Figure 14. In practical applications, creep rupture life of 
high Cr ferritic steels is usually predicted based on this line [17-19]. However, it should 
be noted that this line can only well represent the creep rupture life of high Cr ferritic 
steels under the assumption that the subgrain coarsening in the steels is only caused by 
142 
 
strain-induced recovery.  
  Figure 13 (c) shows the subgrain coarsening of high Cr ferritic steels during 
short-term creep and long-term creep. In the case of short-term creep, since creep 
rupture life of the steels t1 is shorter than tc, static recovery is negligible, and the 
subgrain coarsening is only caused by strain-induced recovery. Therefore, the creep 
rupture life during short-term creep can be well predicted according to Line AC. In the 
case of long-term creep, suppose that the static recovery did not take place in the steels, 
the creep rupture life would be t2 according to the Line AC. However, since creep 
rupture life of the steels is longer than tc, static recovery inevitably takes place together 
with strain-induced recovery in the steels. Therefore, the subgrain coarsening during 
long-term creep is caused not only by strain-induced recovery but also by static 
recovery. As a result, the increase in subgrain size dλ/dt in the steels is accelerated after 
crept for the creep time tc when static recovery becomes evident. The subgrain 
coarsening in the steels after creep for the time tc is actually described by the green line. 
It is obvious that the creep rupture life during long-term creep is shortened from the 
time t3 to the time t2 in Figure 13 and deviates from the Line BC to BD in Figure 14. In 
other words, breakdown of creep strength take place.  
 
6.4.7 Effect of Cr concentration on the breakdown of creep strength of 
high Cr ferritic steels 
  Figure 15 shows the creep rupture life of Gr.91 steel, and it is compared with the 
creep rupture life of other high Cr ferritic steels crept at 650
o
C in Figure 16 [20]. All of 
the creep rupture lives are subjected to the multi-region analysis for formulating them as 
a function of stress and temperature [21-23]. The chemical compositions of S9 steel, 
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S10 steel and D12 steel contain 9%Cr-1.8%W, 10.5%Cr-1.8%W, and 12%Cr-1.8%W 
(all of them are given by mass percent), respectively. The microstructures of S9 steel 
and S10 steel only consist of tempered martensite lath structure, whereas the 
microstructure of D12 consists of tempered martensite lath structure as well as 13% 
volume fraction of δ-ferrite. The details on microstructure of these steels are given in 
the literatures [20, 24, 25]. It can be seen that the breakdown of creep strength takes 
place at 650
o
C in all the steels, but its onset time is different depending on the materials. 
The breakdown of creep strength appears earliest in D12 steel containing highest 
equivalent Cr concentration, and then it appears in S9 steel and S10 steel. It appears 
latest in Gr.91 steel with lowest equivalent Cr concentration. These facts indicate that 
the breakdown of creep strength is postponed to longer time with decreasing equivalent 
Cr concentration. As discussed above, the breakdown of creep strength is caused by the 
static recovery in the steels, so there should be an accordance between the time when 
breakdown of creep strength appears and the time when static recovery takes place. 
Such a good accordance has been confirmed as shown in Figure 21 of Chapter 4. As it 
can be seen that corresponding to the breakdown of creep strength, the static recovery 
appears earliest in D12 steel, and then appears in S9 steel and S10 steel, and appears 
latest in Gr.91 steel. The reason for the different recovery speed of static recovery in the 
steels is still unclear.  
 
6.4.8 Predication of breakdown of creep strength of Gr.91 steel in the 
time range longer than 10
5
h at 600
o
C 
  It has been pointed out that the breakdown of creep strength of high Cr ferritc steels 
takes place during long-term creep [26-28]. And this breakdown usually brings about an 
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overestimation of creep life predicted by Time-Temperature-Parameter methods [17-19]. 
In order to avoid the overestimation of creep life, one method is to analyze the creep 
rupture data by multi-region analysis [24, 29-31], in other words, by dividing the creep 
rupture data into Region H where breakdown of creep strength does not take place and 
Region L where breakdown o creep strength takes place. In the present Gr.91 steel, it is 
obvious that the breakdown of creep strength takes place in the time range longer than 
10
4
h at 650
o
C and 300h at 700
o
C according to Figure 20. However, it is still unclear 
when breakdown of creep strength takes place at 600
o
C which is the current operating 
steam temperature in fossil fired power plants. Kushima et al. have reported that the 
breakdown of creep strength in Gr.91 steel takes place after creep exposure for 30000h 
at 600
o
C [32], whereas Danielsen and Hald have claimed that the breakdown does not 
happen before 10
5
h at 600
o
C due to high thermal stability of MX precipitates [33].  
  It has been proved above that static recovery results in the breakdown of creep 
strength of high Cr ferritic steels. Besides, it has been predicted that the static recovery 
will take place in the time range longer than 10
5
h at 600
o
C in Chapter 4. Therefore, it 
can be considered that the breakdown of creep strength in the present Gr.91 steel will 
take place in the time range longer than 10
5
h at 600
o
C. This fact points out that when 
predicting the creep rupture life of Gr.91 steel by Time-Temperature-Parameter methods, 
the creep rupture data in the time range longer than 10
5
h at 600
o
C should be divide into 
Region L in order to avoid overestimation of creep rupture life. 
 
6.5 Conclusions 
  In this chapter, the aggregation of precipitates, coarsening of subgrains and hardness 
drop of Gr.91 steel during long-tem creep have been investigated. The contributions of 
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static recovery and strain-induced recovery to the breakdown of creep strength have also 
been evaluated. The conclusions are listed as follows: 
  1. Laves phase is hardly found during the long-term creep at 700
o
C. Although a 
certain amount of Z-phase is found during long-term creep, most of the precipitates in 
the steel are still MX and M23C6 precipitates. 
2. Both of the spacings of MX precipitates and M23C6 precipitates increase with 
increasing creep time during long-term creep. They significantly increase in the rupture 
specimen probably due to a large amount of strain and the longer time of static recovery. 
As compared with those during aging, the spacings of MX precipitates and M23C6 
precipitate are larger during the long-term creep, suggesting that strain can accelerate 
the aggregation of MX precipitates and M23C6 precipitate during long-term creep. The 
aggregation rate of precipitates during long-term creep is larger when the strain is larger. 
3. The subgrain size of Gr.91 steel increases with increasing creep time, and then it 
significantly increases in the rupture specimens. As compared with that during aging, 
the subgrain size is larger during the long-term creep. It is because the coarsening of 
subgrains during the long-term creep is not only caused by the aggregation of M23C6 
precipitates due to static aging, but also by the strain and the aggregation of M23C6 
precipitates assisted by the strain. The significant coarsening of subgrains in the rupture 
specimens is caused by a large amount of strain and the significant aggregation of 
M23C6 precipitates in the rupture specimens. 
4. The hardness of Gr.91 steel decreases with increasing creep time due to the 
coarsening of subgrains in the steels. The hardness drops a lot in the rupture specimens 
due to the significant coarsening of subgrains. The hardness during the long-term creep 
is lower than that during aging. It is because the hardness drop during the long-term 
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creep is not only caused by the subgrain coarsening due to the aggregation of M23C6 
precipitates during static aging, but also by the subgrain coarsening due to the strain and 
the aggregation of M23C6 precipitates assisted by the strain. 
5. The contributions of static recovery and strain-induced recovery to the subgrain 
coarsening during long-term creep are additive. 
6. The contribution of static recovery to the subgrain coarsening and consequent 
hardness drop during long-term creep increases with increasing creep time. The 
contribution of static recovery to the subgrain coarsening and consequent hardness drop 
is larger than that due to strain-induce recovery after creep for 600h at 700
o
C and 
40MPa, which is 14% of creep life. And the contribution of static recovery to the 
subgrain coarsening is larger than that due to strain-induce recovery after creep for 600h 
at 700
o
C and 50MPa, which is 55% of creep life, indicating that the contribution of 
static recovery to the subgrain coarsening and consequent hardness drop during 
long-term creep is significant. 
7. There is only strain-induced recovery during the short-term creep where 
breakdown of creep strength does not occur. However, not only strain-induced recovery 
but also static recovery takes place during the long-term creep. In addition, the 
contribution of static recovery to the subgrain coarsening and consequent hardness drop 
is not negligible as compared with those due to strain-induced recovery. Therefore, the 
subgrian coarsening and consequent hardness drop are accelerated by static recovery 
during long-term creep, resulting in the breakdown of creep strength. 
8. As compared with other Gr.122 steels, the breakdown of creep strength takes place 
latest in Gr.91 with lowest equivalent Cr concentration. 
9. Breakdown of creep strength in the present Gr.91 steel is expected to take place in 
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the time range longer than 10
5
h at 600
o
C. 
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Tables and Figure 
 
 
 
Figure 1. Microstructure of Gr.91 steel crept for (a) 358h, (b) 700h, (c) 1050h and (d) 
4418.2h at 700
o
C and 40MPa. (a), (b) and (c) show the microstructure of interrupted 
specimens, and (d) shows the microstructure of rupture specimen. 
(a) (b) 
(c) (d) 
500μm 500μm 
500μm 1000μm 
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Figure 2. Spacing of precipitates of Gr.91 steel crept at 700
o
C and 40MPa 
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Figure 3. Spacing of MX and M23C6 precipitates of Gr.91 steel aged at 700
o
C, crept at 
700
o
C and 40MPa, and at 700
o
C and 50MPa 
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Figure 4. Subgrain size of Gr.91 steel during aging and long-term creep 
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Figure 5. Hardness of Gr.91 steel during aging and long-term creep 
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Figure 6. Correlation between aggregation of M23C6 precipitates during long-term creep 
and that during pure static aging 
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Figure 7. Correlation between spacing of M23C6 precipitates and subgrain size during 
long-term creep 
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Figure 8(a). Subgrain coarsening of Gr.91 steel due to three types of recovery process 
during interrupted long-term creep at 700
o
C and 40MPa 
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Figure 8(b). Subgrain coarsening of Gr.91 steel due to three types of recovery process 
during long-term creep at 700
o
C and 40MPa 
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Figure 9. Subgrain coarsening of Gr.91 steel due to three types of recovery process 
during interrupted long-term creep at 700
o
C and 50MPa 
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Figure 11. Contributions of three types of recovery process to the hardness drop during 
long-term creep at 700
o
C and 40MPa 
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Figure 12. Contributions of three types of recovery process to the hardness drop during 
interrupted long-term creep at 700
o
C and 50MPa 
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Figure 13. Schematic drawing of breakdown of creep strength due to static recovery 
during long-term creep 
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Figure 14. Creep rupture life as a function of stress at a constant temperature 
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Figure 15. Creep rupture life of Gr.91 steel 
 
 
Figure 16. Creep rupture life of various high Cr ferritic steels 
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7. Assessment of creep rupture life using hardness 
measurement 
 
7.1 Objective 
  Creep rupture life of high Cr ferritic steels is usually assessed by the 
Time-Temperature-Parameter methods, such as Larson-Miller [1], Orr-Sherby-Dorn [2] 
and Manson-Haferd [3] methods. However, these methods are destructive and often 
overestimate long-term creep rupture life without considering breakdown of creep 
strength [4-8]. On the other hand, the ratio of creep time to creep rupture life can be 
represented by the change of hardness during creep. In addition, it is obvious that 
hardness measurement is simple and non-destructive. Therefore, this chapter aims to 
assess creep rupture life of high Cr ferritic steels using hardness measurement based on 
the analysis of microstructural change during creep. Since breakdown of creep strength 
takes place during long-term creep, resulting in the different behavior of microstructural 
degradation between short-term creep and long-term creep, the life assessment is 
divided into short-term creep life assessment and long-term creep life assessment. Both 
assessments are carried out by the following steps: 
  1. Study the correlation between hardness and strain during creep 
  2. Study the correlation between strain and creep rupture life 
  3. Assess creep rupture life using hardness measurement 
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7.2 Short-term creep life assessment 
7.2.1 Correlation between hardness and strain during short-term creep 
  It has been pointed out in Chapter 5 that the coarsening of subgrains during 
interrupted short-term creep is only caused by strain. Their correlation is represented by 
the following equation: 
d-d0=k6ε                              (1) 
where d and d0 are the subgrain size during the short-term creep and before creep test, 
respectively, ε is the strain, and k6 is the coarsening rate of subgrains during short-term 
creep (=3000nm). 
  On the other hand, the correlation between subgrain size and hardness is given by the 
following equation: 
H=k4/d+B                             (2) 
where H is the hardness, k4 is a constant (=3×10
4
nm), d is the subgrain size, and B is a 
material constant (=141 in Gr.91 steel). 
  Therefore, the correlation between hardness and strain during short-term creep is 
given by the following equation: 
(H0-H)/[(H-B)(H0-B)]=k6ε/k4                      (3) 
where H0 and H are the hardness before creep test and during the interrupted short-term 
creep, respectively.  
  Figure 1 shows the correlation between hardness drop and strain during short-term 
creep of Gr.91B steel. The solid data are the hardness drop measured by experiment, 
and the slope is the value of k6/k4. It can be seen that Equation (3) can hold the 
experimental data. 
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7.2.2 Correlation between strain and short-term creep rupture life 
7.2.2.1 Constitutive equation of creep curve 
  Figure 2 schematically shows the creep curve of high Cr ferritic steels, which 
represents the time-dependence of strain during creep. It has been reported that the 
correlation between strain and predicted creep rupture life is given by the following 
equation [9]: 
                             
                (4) 
where ε is the strain at the creep time t, ε0 is the instantaneous strain upon loading, ζ, Ω1 
and Ω2 are constants determining creep curve shape, and   
  is the predicted creep 
rupture life.  
  The component of                  is the primary creep curve plotted as a blue 
curve in the figure. The component of            
       is the tertiary creep curve 
plotted as a red curve. The total of these two component ε is plotted as a black curve.  
  Figures 3-11 show the short-term creep curves of three heats of Gr.91 steel (Gr.91D, 
Gr.91E and Gr.91F [10]) crept at 550
o
C, 600
o
C and 650
o
C, respectively. It can be seen 
that the creep curves of Gr.91 steel are different at the different creep temperature and 
stress, indicating that parameters of ε0, ζ, Ω1 and Ω2 are affected by the creep 
temperature and stress. Based on the creep curves plotted in Figures 3-11, the 
correlation of the parameters of ε0, ζ, Ω1 and Ω2 with creep conditions is discussed in the 
following section. The details about the analysis of these curves are explained in 
Reference [9]. 
 
7.2.2.2 Stress and temperature dependence of creep curve 
  The parameters of ε0, ζ, Ω1 and Ω2 for the creep curves of Gr.91 steel are plotted as a 
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function of σ/E in Figures 12-15, respectively. It can be seen that ε0 and ζ increase with 
increasing temperature and stress, whereas Ω1 and Ω2 decrease with increasing 
temperature and stress. The parameters of ε0 and ζ can be represented by the following 
equation: 
α=A(σ/E)mexp(-Qa/RT)                           (5) 
The parameters of Ω1 and Ω2 can be represented by the following equation: 
α=A(σ/E)-mexp(Qa/RT)                           (6) 
where α represents the parameters of ε0, ζ, Ω1 and Ω2, A is a constant, σ is the stress, E is 
Young's modulus, m is the stress exponent, Qa is the activation energy, R is the gas 
constant, and T is the temperature. The values of A, m and Qa for the parameters of ε0, ζ, 
Ω1 and Ω2 are listed in Table 1. The value of Young's modulus at the temperature T is 
given by the following equation [11]: 
E(GPa)=445.5-899.6×0.001×T+1098.8×(0.001×T)
2
-494.5×(0.001×T)
3
       (7) 
  Figure 16 shows the comparison of simulation creep curve with actual creep curves 
of different heats of Gr.91 steel. The simulation creep curve is plotted based on the 
parameters listed in Table 1. It can be seen that the simulation creep curve well 
represents the actual creep curve of Gr.91B. The difference between simulation creep 
curve and the actual creep curves of other three heats of Gr.91steel is small at the 
beginning, and then it increases with increasing creep time. Their largest difference is 
about 0.02. 
 
7.2.3 Correlation between hardness and short-term creep rupture life 
  Based on Equations (3) and (4), the short-term creep rupture life of Gr.91 steel can be 
assessed by the following equation: 
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 (8) 
   
  The procedure of life assessment is explained as follows. Suppose that the hardness 
before creep test is given, if the hardness at the creep time t is measured, the creep strain 
ε as shown in Figure 1 is obtained according to Equation (3). On the other hand, 
suppose that the creep temperature and stress are also given, the parameters of ε0, ζ and 
Ω1 can be calculated, and then the component of                  as shown in 
Figure 1 is obtained. The difference between ε and                  is the 
component of            
       . In this component, t and Ω2 are already known, so 
the short-term creep life   
 
 can be assessed. 
  Figure 17 shows the accuracy of short-term creep life assessment of Gr.91B steel. tr is 
the actual creep rupture life. The accuracy of short-term life assessment increases with 
increasing creep time. According to Figure 2, it can be seen that the same amount of 
increase in total strain Δε causes a smaller change in the ratio of creep time to creep life 
Δt/tr with increasing creep time, that is, the change in the ratio of creep time to creep life 
Δt/tr becomes less sensitive to the change in strain with increasing creep time. Therefore, 
the scatter of short-term life assessment decreases and the accuracy of creep life 
assessment increases with increasing creep time. According to Figure 17, the accuracy 
of short-term life assessment is almost within 30% of the actual creep rupture life in the 
creep time range larger than 1/3 of the actual creep life. This accuracy is good, so this 
hardness measurement method is applicable to the short-term creep life assessment of 
high Cr ferritic steels. 
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7.3 Long-term creep life assessment 
7.3.1 Correlation between hardness and strain during long-term creep 
 As mentioned in Chapter 6, the coarsening of subgrains during the interrupted 
long-term creep is not only caused by the strain but also by the static recovery or the 
aggregation of M23C6 precipitates. Based on Equations (5), (8) and (10) in Chapter 6, 
the coarsening of subgrains during the interrupted long-term creep is represented by the 
following equation: 
                                                                  (9) 
where d and d0 are the subgrain sizes at the creep time t and before creep test, 
respectively, k2 is a constant (=2.0×10
-3 
nm
-1
 at 700
o
C, =2.3×10
-3 
nm
-1
 at 600
o
C and 
650
o
C), k7 is a constant (=2.8 at 700
o
C and 40MPa, =5.3 at 700
o
C and 50MPa), λ0 is the 
spacing of M23C6 precipitates before creep test, and    is Ostwald ripening rate of 
M23C6 precipitates during aging (12271nm
3
h
-1
 at 700
o
C). Equation (9) is very complex, 
and it is the function of strain and creep time. It is not easy to determine all the 
parameters in the equation in practical application. Therefore, Equation (9) is simplified 
as follow: 
                                                           (10) 
     is a constant, it is larger than k6 due to the contribution of static recovery. Figure 
18 shows the correlation between subgrain size and strain during long-term creep of 
Gr.91B steel. Based on the figure, the value of    is 1.2×10
4 
nm at 700
o
C and 40MPa, 
and it is 8×10
3 
nm at 700
o
C and 50MPa, indicating that the value of    is dependent on 
creep conditions, and it increases with decreasing creep stress. 
  Based on Equations (2) and (10), the correlation between hardness and strain during 
long-term creep is given by the following equation: 
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  Figure 19 shows the correlation between hardness drop and strain during long-term 
creep of Gr.91B steel. The open data are the hardness drop during long-term creep 
measured by experiment, and the slope of open data is the value of   /k4. It can be seen 
that Equation (11) can almost hold the experimental data. 
   
7.3.2 Correlation between hardness and long-term creep rupture life 
  Due to the limitation of long-term creep data, the correlation between the parameters 
in Equation (4) and creep conditions is not clarified right now, so the correlation 
between strain and long-term creep life of the present steel can not be predicted based 
on Equation (4). Therefore, in the present study the correlation between strain and 
long-term creep life is given by the creep curves in Figure 20 which are measured by 
experiment.                                                                
  The procedure of long-term creep life assessment is done by the following steps. 
Firstly, the hardness during long-term creep is measured, and then the strain is estimated 
based on Equation (11). Secondly, the corresponding ratio of creep time to creep life is 
determined based on the creep curves. Since the creep time is given, the long-term creep 
life is finally predicted.   
  Figure 21 shows the accuracy of long-term creep life assessment of Gr.91B. The solid 
data are the accuracy of long-term creep life assessed based on the equation (11). It can 
be seen that the accuracy of long-term creep life assessment increases with increasing 
creep time. The cause for the increasing accuracy of long-term life assessment is same 
as that of short-term life assessment. The accuracy of long-term life assessment is 
within 30% of the actual creep life in the creep time range larger than 1/3 of the actual 
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creep life. This accuracy is good, so this hardness measurement method is also 
applicable to the long-term creep life assessment of high Cr ferritic steels. However, in 
order to use this method to assess long-term creep life, the creep condition dependent 
parameter   should be studied more in future.   
  Since the long-term creep test is not easy to carry out, the strain during long-term 
creep is usually estimated based on Equation (3) instead of Equation (11). The open data 
in Figure 21 are the accuracy of long-term creep life assessment in which the strain is 
estimated based on Equation (3). Obviously, the long-term creep life is underestimated 
when the strain is estimated based on Equation (3), and the underestimation decreases 
with increasing creep time. 
  
7.4 Conclusions 
  The correlation between hardness and creep rupture life of high Cr ferritic steels has 
been studied in this chapter based on the microstructural change during creep. The 
hardness measurement method for the assessment of creep rupture life of high Cr 
ferritic steels is proposed. The conclusions are listed as follows: 
  1. The correlation between hardness drop and strain during short-term creep is given 
by the following equation: 
(H0-H)/[(H-B)(H0-B)]=k6ε/k4 
where H and H0 are the hardness during the interrupted creep and before creep test, 
respectively, ε is the strain, B, k4 and k6 are material constants. 
  2. The correlation between strain and short-term creep life of the present steel can be 
well represented by the following equation: 
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where ε is the strain at the creep time t, ε0 is the instantaneous strain upon loading, ζ, Ω1 
and Ω2 are constants determining creep curve shape, and   
  is the predicted creep 
rupture life.  
  3. The short-term creep rupture life of the present steel can be assessed by the 
following equation: 
     
 
   
  4. The accuracy of short-term life assessment increases with increasing creep time. 
The accuracy of short-term life assessment is almost within 30% of the actual creep 
rupture life in the time range larger than 1/3 of creep life. This accuracy is good, so this 
hardness measurement method is applicable to the short-term life assessment of high Cr 
ferritic steels. 
  5. The subgrain size during interrupted long-term creep is given by the following 
equation: 
 
where    is dependent on creep conditions. It increases with decreasing creep stress. 
The value of    is 1.2×10
4 
nm at 700
o
C and 40MPa, and it is 8×10
3 
nm at 700
o
C and 
50MPa. 
  6. The correlation between hardness drop and strain during long-term creep is given 
by the following equation: 
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  7. The long-term creep life can be assessed based on the correlation between hardness 
and strain during long-term creep and the correlation between strain and long-term 
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creep life which is represented by creep curve. The accuracy of long-term life 
assessment is within 30% of the actual creep life in the creep time range larger than 1/3 
of the creep life. This accuracy is good, so this hardness measurement method is also 
applicable to the long-term creep life assessment of high Cr ferritic steels. However, in 
order to use this method to assess long-term creep life, the creep condition dependent 
parameter    should be studied more in future.   
  8. The long-term creep life is underestimated if the strain is assessed based on the 
correlation between hardness and strain during short-term creep. In addition, the 
underestimation decreases with increasing creep time. 
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Tables and Figures 
 
Table 1. Values of A, m, and Qa for the parameters of ε0, ζ, Ω1 and Ω2 
 
 A m Qa (kJ/mo) 
ε0 3400 1 56 
ζ 2.1×1051 6.8 500 
Ω1 5.4×10
-16
 4.4 74 
Ω2 1.7×10
-7
 1.2 79 
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Figure 1. Correlation between hardness drop and strain during short-term creep 
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Figure 2. Creep curve of high Cr ferritic steels 
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Figure 3. Creep curves of Gr.91D at 550
o
C 
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Figure 4. Creep curves of Gr.91D at 600
o
C 
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Figure 5. Creep curves of Gr.91D at 650
o
C 
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Figure 6. Creep curves of Gr.91E at 550
o
C 
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Figure 7. Creep curves of Gr.91E at 600
o
C 
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Figure 8. Creep curves of Gr.91E at 650
o
C 
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Figure 9. Creep curves of Gr.91F at 550
o
C 
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Figure 10. Creep curves of Gr.91F at 600
o
C 
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Figure 11. Creep curves of Gr.91F at 650
o
C 
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Figure 12. Stress and temperature dependence of ε0 
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Figure 13. Stress and temperature dependence of ζ 
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Figure 14. Stress and temperature dependence of Ω1 
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Figure 15. Stress and temperature dependence of Ω2 
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Figure 16. Comparison of simulation creep curve with real creep curves of different 
heats of Gr.91 steel 
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Figure 17. The accuracy of short-term creep life assessment  
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Figure 18. Correlation between subgrain size and strain during long-term creep 
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Figure 19. Correlation between hardness drop and strain during long-term creep 
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Figure 20. Creep curves of Gr.91B crept at 700
o
C and 40MPa, and 700
o
C and 50MPa 
4
6
k
k '
4
6
k
k '
4
6
k
k
187 
 
0.0 0.2 0.4 0.6 0.8 1.0
0.1
1
10
Gr.91B
 
 
 700
o
C 40MPa
 700
o
C 50MPa
t r
*
/t
r
t/t
r
 
Figure 21. The accuracy of long-term creep life assessment 
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8. Conclusions 
 
  High Cr ferritic steels with a tempered martensite lath structure (subgrain) have been 
used in fossil fired power plants. Since their design lives are more than 10 years in fossil 
fired power plants, it is of engineering importance to understand their creep property in 
long-term range. However, it is not easy to carry out such a long-term creep test. The 
creep rupture life in long-term region is usually assessed by the extrapolation of 
short-term creep data. But this extrapolation often brings about overestimation of 
long-term creep rupture life because breakdown of creep strength takes place during 
long-term creep. Therefore, the cause of this breakdown is studied in the present study. 
In addition, the creep life of high Cr ferritic steels is assessed using hardness 
measurement. 
 
1. Cause of breakdown of creep strength 
  In the primary research, it has been pointed out that hardness drop of grip portion of 
crept specimens well accords with breakdown of creep strength during long-term creep. 
Based on this finding it is proposed that static recovery of tempered martensite lath 
structure is the cause of the breakdown. This proposal is assessed by studying the 
microstructural degradation of Gr.91 steel during aging, short-term creep and long-term 
creep, respectively. The conclusions are listed as follows. 
  
1.1 Static recovery during aging 
  [1] Both spacings of MX and M23C6 precipitates are kept constant in short-term aging. 
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Spacing of MX precipitates is still kept constant in long-term aging, whereas spacing of 
M23C6 precipitates increases. 
  [2] Coarsening of subgrains takes place in long-term aging and is controlled by the 
aggregation of M23C6 precipitates, namely pure static recovery. 
  [3] The subgrain size controlled by aggregation of M23C6 precipitates is represented 
by the following equation: 
d=k2λ
2
 
where d is the subgrain size, k2 is a constant (2.0×10
-3 
nm
-1
 at 700
o
C, 2.3×10
-3 
nm
-1
 at 
600
o
C and 650
o
C), and λ is the spacing of M23C6 precipitates. 
  [4] The aggregation of M23C6 precipitates during aging is represented by the 
following equation: 
  =  
 +  t 
where   and    are the spacing of M23C6 precipitates at the aging time t and before 
aging, respectively,    is Ostwald ripening rate of M23C6 precipitates during aging.  
 
1.2. Strain-induced recovery during short-term creep 
  [1] Both spacings of MX and M23C6 precipitates are kept constant during interrupted 
short-term creep, whereas the subgrian size increases with increasing creep time.  
  [2] Coarsening of subgrains during interrupted short-term creep has nothing to do 
with MX and M23C6 precipitates and it is only caused by strain, namely strain-induced 
recovery. 
  [3] The correlation between subgrain size and strain during interrupted short-term 
creep is represented by the following equation: 
d-d0=k6ε 
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where d and d0 are the subgrain sizes during interrupted short-term creep and before 
creep test, respectively, k6 is the coarsening rate of subgrains (3000nm), and ε is the 
strain. 
 
1.3. Breakdown of creep strength during long-term creep 
  [1] Aggregation of M23C6 precipitates takes place during interrupted long-term creep 
and it is larger than that due to pure static recovery, suggesting that strain accelerates the 
aggregation of M23C6 precipitates. Therefore, the aggregation M23C6 precipitates during 
interrupted long-term creep is caused not only by pure static recovery but also strain, 
namely strain-assisted static recovery. 
  [2] The aggregation of M23C6 precipitates during interrupted long-term creep is given 
by the following equation: 
            
 ＋    
             
where λCreep is the spacing of M23C6 precipitates at the creep time t, and k7 is a constant 
(2.8 at 700
o
C and 40MPa, 5.3 at 700
o
C and 50MPa). The correlation between k7 and 
creep condition should be studied more in future. 
  [3] Coarsening of subgrains during long-term creep is caused by strain-induced 
recovery, pure static recovery and strain-assisted static recovery. Their contributions are 
given by the following equations, respectively. 
Δd1 =k6ε 
Δ        
      
        
  
            
 ＋    
             
       
      
          
where Δd1, Δd2 andΔd3 are the subgrain coarsening due to strain-induced recovery, pure 
static recovery and strain-assisted static recovery, respectively. 
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  [4] The contributions of strain-induced recovery, pure static recovery and 
strain-assisted static recovery to the subgrain coarsening during long-term are additive. 
  [5] Contribution of static recovery including pure static recovery and strain-assisted 
recovery to the breakdown of creep strength is significant. This contribution is added to 
that due to strain-induced recovery, resulting in the breakdown of creep strength. 
 
2. Assessment of creep rupture life using hardness 
measurement 
  The second objective in the present thesis is to assess creep rupture life of high Cr 
ferritic steels. The creep life is assessed using hardness measurement based on 
microstructural degradation during creep. The conclusions are listed as follows. 
  [1] The correlation between hardness and subgrain size of the steel is given by the 
following equation: 
H=k4/d+B 
where H is the hardness, k4 is a constant (=3×10
4
nm), d is the subgrain size, and B is a  
material constant (=141 in Gr.91 steel). 
  [2] The correlation between hardness drop and strain during short-term creep is given 
by the following equation: 
(H0-H)/[(H-B)(H0-B)]=k6ε/k4 
where H and H0 are the hardness during the interrupted short-term creep and before 
creep test, respectively. 
  [3] The short-term creep rupture life of the steel can be assessed by the following 
equation: 
193 
 
 
     
where ε0 is the instantaneous strain upon loading, ζ, Ω1 and Ω2 are constants determining 
creep curve shape, and   
  is the predicted creep rupture life.  
  [4] The accuracy of short-term life assessment increases with increasing creep time. 
The accuracy of short-term life assessment is almost within 30% of the actual creep 
rupture life in the time range larger than 1/3 of creep life. This accuracy is good, so this 
hardness measurement method is applicable to the short-term life assessment of high Cr 
ferritic steels. 
  [5] The subgrain size during interrupted long-term creep is given by the following 
equation: 
 
where    is dependent on creep conditions. It increases with decreasing creep stress. 
The value of    is 1.2×10
4 
nm at 700
o
C and 40MPa, and it is 8×10
3 
nm at 700
o
C and 
50MPa. 
  [6] The correlation between hardness and strain during long-term creep is given by 
the following equation: 
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  [7] The long-term creep life can be assessed based on the correlation between 
hardness and strain during long-term creep and the correlation between strain and 
long-term creep life which is represented by creep curve. The accuracy of long-term life 
assessment is within 30% of the actual creep life in the creep time range larger than 1/3 
of the creep life. This accuracy is good, so this hardness measurement method is also 
applicable to the long-term creep life assessment of high Cr ferritic steels. However, in 
]}
))((
)()1(
[{1
06
04
1
02
BHBHk
HHktln
exp
t
t*
r









'kdd 60 
'k6
'k6
194 
 
order to use this method to assess long-term creep life, the creep condition dependent 
parameter    should be studied more in future. 
  [8] The long-term creep life is underestimated if the strain is assessed based on the 
correlation between hardness and strain during short-term creep. In addition, the 
underestimation decreases with increasing creep time. 
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